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The radiation belts and the NASA Van ALLEN Probes (RBSP) mission (2012-2019)

Instrument suits for plasma (P), waves (W), and fields (F) 
on board the NASA Van Allen Probes

P P

P W, F W, F 9 hour orbit
1 MLT per month at apogee

Among the main NASA RBSP mission objectives:
• Better understand radiation belt physics
• Validate various models and explain x10 difference between simulations & observations
How to
• Using 2 s/c measuring simulteanously the ambient wave environment and the radiation belts fluxes
• Solve for wave-particle interactions using in-situ measurements

7 years of data (2012-2019)
from 2 s/c
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Objectives of the talk:

Show some recent examples of important WPI in the radiation belts from 

observations and simulations

Motivation and objectives

Motivation

Dynamics in the radiation belts is driven by wave particle interactions

Understand and compute the dynamics of the radiation belts
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ObservaBons of WPI in the radiaBon belts

Cold electron plasma and whistler-mode waves

Event-driven WPI simulaBons of radiaBon belt dynamics 

Conclusions and PerspecBves

Outlines
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Observations of the radiation belts
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Van Allen Probes Observations of the radiation belts

• Storm and substorm injections (~250 keV Turner et al. 2015)

• Clear energy dependence of the location of the belt

• Discovery of Fennell’s 2015 limit of the Inner RB at ~1 MeV

• E-structure discuss throughout the talk

Van Allen Probes show the inner 
radiation zone contains  no MeV 

electrons by Fennell et al., GRL, 2015)
The impenetrable barrier, Baker et al., 

Nature [2014]

Reeves et al. 2016 

outer zones. This suggests that electrons with energies as low as tens of keV can indeed be considered radia-
tion belt electrons and are likely affected by at least some of the same processes that control radiation belt
dynamics at MeV energies.

In Figure 3 we compare the number of flux enhancement events as a function of energy and L shell for the
first half of 2013. As also seen in Figure 2, at any given L shell there are more events at lower energies than
there are at higher energies. For example, at L !3.5 there were 22 events observed at 46 keV and only 4
events at 1.5MeV. We note that the events at higher energies are always a subset of the lower energy events;
i.e., there were no events identified at higher energies that were not also present at lower energies. Figure 3
also shows that at any given energy, there are fewer events that penetrate to low L shells. At 459 keV there
were 15 events observed at L=5.5. Of those 13 (87%) penetrated to L=4.5 and 9 (60%) penetrated to 3.5
but only 4 (3%) penetrated to 2.5.

To further investigate the energy dependence of penetration into and through the slot region, we return to
Figure 2. At 1.5MeV none of the events in 2013 extended below about L=3, and no enhancement events
were observed at L= 2.5. At 459 keV at least seven events in 2013 show flux enhancements that inject parti-
cles that penetrate through the slot region and at 234 keV there were at least 24.

Summarizing these observations:

1. Outer Zone Enhancements: At lower energies there tend to be more electron enhancements than at higher
energies. Or, said another way, a given event is more likely to produce an enhancement of lower energy

Figure 2. A multienergy view of flux as a function of L shell and time from the Van Allen Probes mission for 2013. (a–d)
Background-corrected MagEIS electron fluxes, (e) electron fluxes from HOPE, and (f–h) geomagnetic indices: solar wind
speed, IMF Bz, and Dst. Dramatic differences in radiation belt electron behavior are seen at different energies and from
event to event.

Journal of Geophysical Research: Space Physics 10.1002/2015JA021569

REEVES ET AL. ENERGY-DEPENDENT RADIATION BELT DYNAMICS 400

Recent review of Radia3on belt physics in :

Ripoll, J.-F., Claudepierre, S. G., Ukhorskiy, A. Y., Colpi;s, C., Li, X., Fennell, J., 
& Crabtree, C. (2020). Par$cle Dynamics in the Earth's Radia$on Belts: 
Review of Current Research and Open Ques$ons. Journal of Geophysical 
Research: Space Physics, 125, e2019JA026735. 
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March 1st

-
March 16th

2013

1 image per 8h

(movie: 
3 images/sec
=1day/sec)

En
er
gy

L-shell

4 MeV

50 keV

L=2 L=6

Storm times : 
March 1st-3rd

Quiet decay: 
March 4th-15th

Midnight region

Radiation belts energy structure (RBSP/MagEIS L2 flux) formed by WPI

Ripoll et al., JGR, 2019
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Substorm injections perturbating the radiation belts energy structure (MagEIS L2 flux)

June 21st

-
July 26th

2014

En
er
gy

L-shell

4 MeV

50 keV

L=2 L=6

Substorm 
and HSS 
injections

- Dynamic injections 
below 232 keV. 

- Substorm injections 
(e.g. 3rd and 8th)

- ORB with S-shape 
pattern 

- Slot formation 

- Gradual outer belt 
decay

Ripoll et al., JASTP, 2020
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Cold electron plasma and whistler-mode waves
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Statistics of the cold plasma density (<10 eV) measured by RBSP (2012-2019) sorted by Dst

Typical lightning

WWLLN• Quiet times: isotropic plasmasphere extending above L=5 (almost L=6). Asymmetry forming with Dst increasing
• Plumes expanding further than L~6 
• Detached plasma pockets wrapping around the Earth between L=4 and L=6 
• Loosing resolution for Dst<-90
• The Lpp as a marker of activity

• The outer electron belt lies within the plasmasphere for 40% of all times (at least for Kp<1)
• 65% of any RBSP data at a given L-shell falls within the plasmasphere, versus 35% in the plasma trough.
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The whistler-mode waves zoo

Most prominent waves:
- Plasmasphere with whistler mode hiss waves
- Chorus waves in the plasma trough

Less prominent waves:
- VLF Transmitter waves
- Lightning-generated whistler-waves (LGW)

Plasma trough

PlasmaspherePlasma 
density

Power 
Spectral 
Density
(PSD)

Macroscale
Stucture

Power 
Spectral 
Density

Microscale
Structure

Pl
as

m
ap

au
se

- Hiss : RMS(B)=16 pT in 10-14 MLT for 300-650 Hz from Polar 
satellite (Falkowski+17)
RMS(B)=38 pT all storms measured by the Van Allen  
Probes between 9/ 2012 and 12/2018 (Malaspina+18)
Max ~200 pT for extreme hiss in plumes (Shi+19,    
Millan & Ripoll 21) 

- Lightning superbolt whistlers: RMS(B)~83 pT
- Chorus max. ~ 3 nT (Hospodarsky+16) 
- EMICs max ~ 10 nT (Engebretson+2015) 
- Whistler-mode waves (non-LGW) : RMS(E)~250 mV/m (Cattel+08)

Maximum electromagnetic power

1 23
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The whistler-mode statistical wave zoo system sorted by bins of plasmapause location

Dawn sector

Extension of Malaspina et al. GRL 2017 to the whole RBSP mission

• Overlap of hiss/chorus in L~2-3 and L~5-6
• Importance of hiss up to L~6 for quiet times

High activity (Lpp=2-3, MLT=noon) Low activity (Lpp=5-6, MLT=noon)

(Ripoll, Malaspina, Cunningham et al. 2021, in preparation )

• Importance of plasmasphere and wave coupling
• The statistical approach mixes the effects

1
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Extreme lightning-generated whistler wave (superbolt) recorded on 
Earth and in space 23/11/2021 14:04 Superbolts Carry Super Power

https://earthobservatory.nasa.gov/images/148933/superbolts-carry-super-power 1/6
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EM signal in space

Report from the ISSI Team #477  https://www.issibern.ch/teams-electromagnetic-power/

(mV/m)2/Hz   

23/11/2021 14:04 Superbolts Carry Super Power

https://earthobservatory.nasa.gov/images/148933/superbolts-carry-super-power 1/6
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ARTICLE

Electromagnetic power of lightning superbolts
from Earth to space
J.-F. Ripoll 1,2✉, T. Farges 1, D. M. Malaspina3,4, G. S. Cunningham5, E. H. Lay6, G. B. Hospodarsky7,
C. A. Kletzing 7, J. R. Wygant8 & S. Pédeboy9

Lightning superbolts are the most powerful and rare lightning events with intense optical

emission, first identified from space. Superbolt events occurred in 2010-2018 could be

localized by extracting the high energy tail of the lightning stroke signals measured by the

very low frequency ground stations of the World-Wide Lightning Location Network. Here, we

report electromagnetic observations of superbolts from space using Van Allen Probes

satellite measurements, and ground measurements, and with two events measured both from

ground and space. From burst-triggered measurements, we compute electric and magnetic

power spectral density for very low frequency waves driven by superbolts, both on Earth and

transmitted into space, demonstrating that superbolts transmit 10-1000 times more powerful

very low frequency waves into space than typical strokes and revealing that their extreme

nature is observed in space. We find several properties of superbolts that notably differ from

most lightning flashes; a more symmetric first ground-wave peak due to a longer rise time,

larger peak current, weaker decay of electromagnetic power density in space with distance,

and a power mostly confined in the very low frequency range. Their signal is absent in space

during day times and is received with a long-time delay on the Van Allen Probes. These

results have implications for our understanding of lightning and superbolts, for ionosphere-

magnetosphere wave transmission, wave propagation in space, and remote sensing of

extreme events.

https://doi.org/10.1038/s41467-021-23740-6 OPEN

1 CEA, DAM, DIF, Arpajon, France. 2 UPS, CEA, LMCE, Bruyer̀es-le-Châtel, France. 3 Department of Astrophysical and Planetary Sciences, University of
Colorado, Boulder, CO, USA. 4 Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO, USA. 5 Space Science and Applications
Group, Los Alamos National Laboratory, Los Alamos, NM, USA. 6 Space and Remote Sensing Group, Los Alamos National Laboratory, Los Alamos, NM, USA.
7Department of Physics and Astronomy, University of Iowa, Iowa City, IA, USA. 8 School of Physics and Astronomy, University of Minnesota, Minneapolis,
MN, USA. 9Météorage, Pau, France. ✉email:jean-francois.ripoll@cea.fr
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Superbolts location from WWLLN  
Holzworth+, GRL, 2019

PoynBng flux 
showing 
successive 
change of sign

àElectric power is 
attenuated by ~8 
orders of magnitude 
from Earth to space

2
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Plasmasphere and whistler-mode waves coupled response to mild substorms injections
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	881	

Figure	3:	Evolution	of	the	plasma	density	during	the	first	10	days	of	July	2014.	(top	left)	882	

plasma	density	from	EMFISIS.	(top	right)	Zoom	above	L=4	for	density	below	100	#/cc	in	883	

order	to	define	the	plasmapause	region.	(bottom	left)	Estimation	of	the	plasma	density	up	884	

to	L=5	from	the	whistler-mode	hiss	waves	used	as	a	verification	of	the	density	and	the	885	

hiss	presence.	(bottom	right)	L-shell	of	the	last	Van	Allen	Probes	known	density,	100	/cc	886	

density	level,	and	30/cc	density	level	showing	all	plasmas	densities	used	in	the	domain	of	887	

this	 study	 come	 from	Van	Allen	 Probes	measurement.	 The	 region	 of	 density	 between	888	

30/cc	 and	 100	 /cc,	 defined	 here	 as	 the	dense	 plasmapause	 region,	 is	 a	widely	 spread	889	

Density (synthetic plot)

Time bin = Av. of Ne during 8 hours (~1 
RBSP path) within 0.1L

Cold plasma density 
data from EMFISIS (Kurth et al.) and SCC from EFW (S. Thaller, LASP)

One cell of the 
observation/simulation
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region	 over	 L-shell,	 except	 during	 short	 times	 of	 injections	 and	 compressed	890	

plasmasphere.		891	
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Figure	4:	Evolution	of	the	whistler-mode	wave	properties	during	the	first	10	days	of	July	896	

2014;	(top	left)	mean	frequency,	(top	right)	wave	power	spectral	density,	(bottom	left)	897	

mean	 wave	 normal	 angle	 and	 (bottom	 right)	 wave	 normal	 angle	 width.	 Most	 of	 the	898	

whistler-mode	waves	here	are	plasmaspheric	hiss.	Exceptions	occur,	for	instance,	on	July	899	

3	and	10.	The	times	at	which	the	plasma	density	(cf.	Figure	3)	is	perturbed	by	substorm	900	

injections	(cf.	Figure	2)	are	identified	by	red	arrows.	901	

	 	902	
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Mean Hiss Frequency Hiss Wave Power

- 3 frequency populations, two for hiss (200–400 and 600–800 Hz), and 
chorus can be in the 1-2 kHz hiss band outside the plasmasphere

- Hiss power compressed inward during injections
- Wave amplitudes vary by orders of magnitude. 
- The stronger hiss waves are located in the plasmasphere interior, between

L = 2 and L = 4. 
- Wna response not shown

Ripoll et al. 2020, JAST

Whistler-mode hiss waves

3
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High Correlation between Plasmaspheric Hiss Wave Power and Cold Plasma Density 

Malaspina, D. M., Ripoll, J.-F., Chu, X., Hospodarsky, G., Wygant, J. (2018). VariaBon in plasmaspheric hiss wave power with 
plasma density. Geophysical Research Legers, 45. hgps://doi.org/10.1029/2018GL078564 

Geophysical Research Letters 10.1029/2018GL078564

Figure 1. Variation in median hiss wave power as a function of L, for four density ranges (black for 10 < ne < 56 cm−3,
blue for 56 < ne < 316 cm−3, green for 316 < ne < 1, 778 cm−3, and red for 1, 778 < ne < 10, 000 cm−3). Error bars
indicate upper and lower quartiles of hiss wave power. (a–l) Data for each 2-hr MLT sector, from 0 < MLT < 2 to
22 < MLT < 24.

Figure 3 shows median hiss power as a function of MLT, density, and L. Figures 3a to 3d show median hiss wave
power for each density and MLT bin, where each subfigure contains data from a different L range as indicated
in the figure. Figure 3e includes all data from 2 < L < 6. These plots demonstrate that the pattern of variation
for hiss wave power with density and MLT is consistent, regardless of the L range considered. The strongest
wave power occurs on the dayside (8 < MLT < 18), consistent with the results of prior studies (Kim et al., 2015;
Li et al., 2015; Meredith et al., 2007; Spasojevic et al., 2015; Yu et al., 2017). What can be uniquely observed in
this analysis is that hiss wave power varies strongly in MLT, even for similar plasma densities.

MALASPINA ET AL. 4

Geophysical Research Letters 10.1029/2018GL078564

Figure 2. Variation in median hiss wave power as a function of plasma density, for four L ranges (red for 2 < L < 3, green
for 3 < L < 4, blue for 4 < L < 5, and black for 5 < L < 6). Error bars indicate upper and lower quartiles of hiss wave
power. (a–l) Data for each 2-hr MLT sector, from 0 < MLT < 2 to 22 < MLT < 24.

3. Discussion

The analysis thus far has demonstrated that plasmaspheric hiss wave power varies strongly and consistently
with plasma density but only weakly with L value (for a given density range). But what quantitative difference
does this make for parameterized empirical hiss maps? Addressing this question requires comparing the wave
amplitudes experienced by a particle on a given L value for the case of traditional (L, MLT) hiss power maps
and maps parameterized by plasma density (density, MLT).

Figure 4a shows an (L, MLT) map of median hiss wave power. Horizontal lines denote the trajectories of three
particles drifting through all MLT at three different (constant) L values. Green squares indicate L = 4.5, red

MALASPINA ET AL. 5
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Hiss Power Sorted vs L New Hiss Power Sorted vs Density 

• This increase is stronger and occurs regardless of L and for all MLTs (L>~3) 
• These conclusions hold for variable AE∗
• This correlation pleads in favor of a local generation mechanism for hiss (open subject cf. 

review Rad. Belt Physics, Ripoll et al. JGR 2020)

Hiss power highly correlated with density: 
Plasmaspheric hiss wave power strictly increases with plasma density (L>~2.5*)

à Hiss sorted 
with 

plasmapause
location in 

Malaspina et al. 
GRL 2017

à New sorting 
with density

2
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Fokker-Planck modeling, event-driven wave-particle interactions and simulations of 
the radiation belt dynamics
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Hiss properties and density from EMFISIS & EFW in March  2013

Density EMFISIS 
(Kurth et al.) and 
SCC from EFW (S. 
Thaller, UM)
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A quite extended plasmasphere
favors the existence and the
effect of hiss waves
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During quiet times, the 
plasmasphere extends 
above L=5. 

Wave frequencies and wave 
normal angle from EMFISIS 
(compilation Santolik et al.)

Amplitudes vary by orders of 
magnitude, with stronger waves 
in the plasmasphere (L=2-4)

MLT-dependence is modeled 
from Spasojevic et al. 2015 

Days of March 2013

Days of March 2013
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Computation of Wave-Particle Interactions in the radiation belts (QL approach)

Fokker-Planck 3D: evolution of 
an electron at (t, L, E, a)

+ 
Cross-terms 
neglected

(Earth’s radii at the equator)

EvoluBon of 
the electron 
distribuBon 
funcBon

Transport of 
the electron 
from WPI  by 
ULF waves

AcceleraBon of 
the electron 
from WPI  by 
VLF waves

Scagering of 
the electron 
from WPI  by 
VLF waves

The scattering of an electron at (L, E, 
a, t) by an electromagnetic wave 
(here LGW) is caused by pitch angle 
diffusion: Daa (L, E, a, t)

𝐷## L, E, a, 𝑡 = 𝐵)*+, ×𝑃 𝑓 ×𝑃 𝜃 × 𝐹(𝐵345 𝐿 , E, a, 𝑓789)

Wave properties
- frequency distribution
- wave normal angle distribution
- wave power

- electron properties and resonance 
- ambient mag. field
- cold plasma density
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a

Method for determining event-driven hiss loss

,, ,
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a

a a

Pitch angle diffusion coefficients 
Da0a0 for 6th of March 2013

L=3.5

L=5.5L=4.5

L=2.5

, ,

We compute an event-driven pitch angle diffusion coefficient 
from all wave/plasma properties from RBSP: 8h resolution, 
0.1L. 50 harmonics. Non-//.

8h-resolved Time-averaged

Massively parallel computations for 6x107 Dα0α0(L, t, E, α0). (4 years 1 proc)

_ _ _
Not doing

From Watt et al. GRL 2021:
• Numerical diffusion experiments are sensitive to variability time 

scales, even at same time-integrated diffusion 
• Experiments reveal more diffusion from average of all diffusion 

coefficients than when coefficient is constructed from averaged
inputs 
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Omni-Flux 

Unidirectional 
Flux

a0=25° a0=74°

On the 3D structure from VERB-3D simulations

Solving for RD+PAD from Hiss
Verb3D-skelleton (v. 2.4.2) for solving radial & p.a. 
diffusion
Daa of this work
BC & IC from MagEIS
Omniflux is integral of unidir. flux at the latitude of 
RBSP

Method
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VERB-3D simulations
Trapping of high pitch 
angle electrons at low L

Relatively isotropic S-
shaped outer belt 
structure

Narrower inner belt at low 
p.a. due to 1- proximity 
with loss cone, 2-pitch 
angle diffusion affects low 
pitch angle at low L (small 
nb of cyclotron harmonics)

Van Allen Probes/MagEIS

The 3 preserved zones from hiss
• Inner belt
• Outer low energy seed population
• Outer MeVich pocket or island

On the 3D structure: observations versus 3D simulations
TI

M
E

Event 
starts
03/04

Event 
ends
03/15

L

E
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MagEIS L3 vs. 3D simulations

Event 
starts
03/04

Event 
ends
03/15

TI
M

E

12 days later

DATA
=

SIMU

DATA

SIMU
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Conclusions and Perspectives 
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Conclusions and perspectives

• Ongoing work to build whistler-mode wave statistics and databases of typical events from RBSP

• The plasmasphere expands further than expected from seminal models during quiet times as well as storms (by ~0.5L) 
(Ripoll+, submitted to GRL, 2022) 

• Hiss dependence on density (fundamental for their origins). Importance of the coupling for RB simulations

• The plasmasphere through plasmaspheric waves plays an important role in the dynamics of the outer belt (Ripoll+16, 19, 20)

• The outer electron belt lies within the plasmasphere for 40% of all times (i.e. Kp<1).

• 65% of any RBSP data at a given L-shell falls within the plasmasphere, versus 35% in the plasma trough.

• Fokker-Planck simulations reproduce the RB energy structure for quiet times and moderate substorm activity (event-driven 
for conserving couplings)
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Global MHD codes with coupled 
plasmasphere with APL/Gamer). APL 
team: Sorathia-Merkin-Ukhorskiy

Thèse M. Cosmides at CEA (2020-2023)

40962, B//=0.240962, B=0

• New generation of radiation belt codes : global 
MHD codes + QL WPI + plasmasphere models 
should really change our global understanding. 

Global 3D fine MHD 

Testing Gamera on fine KHI MHD instabilities 
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New online seminar : the RBSP seminar. Every last Friday of the month

• RB physics
• Magnetospheric physics
• All planets
• Space weather
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