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1- Information from textbooks and seminal articles (cited throughout the course)

2- New results from recent articles conducted by the author and his collaborators

3- Use of observations from NASA Van Allen Probes to illustrate the claims (some unpublished yet)

Collaborators of the studies: 

V. Loridan1, G. Cunningham2, M. Denton3,4, O. Santolík5,6, D. Malaspina7, S. Thaller10,
G. Reeves2,3, D. Hartley8, W. S. Kurth8, C. A. Kletzing8, D. L. Turner10, J. F. Fennell9, 
M. G. Henderson2, A. Y. Ukhorskiy10, A. Y. Drozdov11, Y. Y. Shprits12,13, J.S Cervantes Villa13, E. Botek14, 
V. Pierrard14,15, M. Cosmides1
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Introduction

Observations of the ambient environment: 

1- Cold plasma density (briefly)

2- Whistler-mode waves (hiss focus)

Observations of the radiation belts

Event-driven wave-particle interactions and QL Fokker-Planck simulations of the radiation belts 

Conclusions and Perspectives

Outlines
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Earth’s Radiation Belts: sketch and fundamental role of hiss

Magnetic

LEO sats

CubeSats

Magnetospheric
Waves

Precipitating 
Electrons

field lines

Trapped 
Electrons NASA’s Van 

Allen  Probes
(2012-2019)

JAXA’s Arase (>2017)

• Discovered in 1958, by James Van Allen

• First US satellite, Explorer I

• Discovered by accident

• Intended to measure cosmic rays

• But count rates were too high

Happy 25 th Birthday ISSI !!
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Dr. D. L. Turner (co-lead, APL, USA)
Prof. C. Cully (Calgary U., Canada)
Prof. Allison Jaynes (Iowa U., USA)
Prof. Y. Kasahara, (Kanazawa U., Japan)
Dr. S. Kurita (Nagoya U., Japan)
Prof. D. Malaspina (LASP, USA)
Prof. R. Millan (Dartmouth, USA)
Prof. V. Pierrard (IASB, Belgium)
Prof. Y. Miyoshi (Nagoya U., Japan)
Dr. Hilde Nesse Tyssoy (Bergen U., Norway)
Dr. L. Blum (NASA, USA)
Dr. G. Cunningham (LANL, USA)
Dr. R. Horne (BAS, UK)
Dr. A. Ukhorskiy (APL, USA). 

Using 3 main satellites : 
• Van Allen Probes (NASA) 
• Proba-V (ESA) 
• Arase (JAXA)
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Earth’s Radiation Belts: sketch and fundamental role of hiss
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| CONTEXT

Hiss waves create 
the region void of 
electrons between 
the two electron 
radiation belts
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The NASA Van ALLEN Probes mission: a mission build to study the radiation belts
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Two satellites launched (A+B) on 08/30/2012 and ended in 07/2019 (RBSP-B) and 10/2019 (RBSP-A)
~600 M$ mission 

| CONTEXT

Among the main NASA mission objectives:

• Better understand radiation belt physics
• Validate a wide range of models
• Explain x10 difference between simulations & observations

How to

• Using 2 s/c measuring the ambient environment and the radiation belts fluxes 
• Measure ambient EM waves to solve for wave-particle interactions
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The NASA Van ALLEN Probes mission: measurements of ambient particles and 
electromagnetic waves + energetic radiation belts particles
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Instrument suits for plasma (P), waves (W), and fields (F)

P P

P W, F
W, F

9 hour orbit
1 MLT per month at apogee

Building of both Probes at Johns Hopkins’ Applied Physics Lab.

Tdrift(1 MeV, 90°,L=6)~10 mins
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Two Recent Reviews on Radiation Belt Physics (2019-2020)

Particle Dynamics in the Earth's Radiation Belts: Review
of Current Research and Open Questions
J.‐F. Ripoll1, S. G. Claudepierre2,3, A. Y. Ukhorskiy4, C. Colpitts5, X. Li6, J. F. Fennell2, and
C. Crabtree7

1CEA, DAM, DIF, Arpajon, France, 2The Aerospace Corporation, El Segundo, CA, USA, 3Department of Atmospheric and
Oceanic Sciences, University of California, Los Angeles, CA, USA, 4The Johns Hopkins University Applied Physics
Laboratory, Laurel, MD, USA, 5School of Physics and Astronomy, University of Minnesota, Minneapolis, MN, USA,
6LASP, University of Colorado Boulder, Boulder, CO, USA, 7Naval Research Laboratory, Washington, DC, USA

Abstract The past decade transformed our observational understanding of energetic particle processes in
near‐Earth space. An unprecedented suite of observational systems was in operation including the Van
Allen Probes, Arase, MagnetosphericMultiscale, Time History of Events andMacroscale Interactions during
Substorms, Cluster, GPS, GOES, and Los Alamos National Laboratory‐GEO magnetospheric missions.
They were supported by conjugate low‐altitude measurements on spacecraft, balloons, and ground‐based
arrays. Together, these significantly improved our ability to determine and quantify the mechanisms that
control the buildup and subsequent variability of energetic particle intensities in the inner magnetosphere.
The high‐quality data from National Aeronautics and Space Administration's Van Allen Probes are the most
comprehensive in situ measurements ever taken in the near‐Earth space radiation environment. These
observations, coupled with recent advances in radiation belt theory and modeling, including dramatic
increases in computational power, have ushered in a new era, perhaps a “golden era,” in radiation belt
research. We have edited a Journal of Geophysical Research: Space Science Special Collection dedicated to
Particle Dynamics in the Earth's Radiation Belts in which we gather the most recent scientific findings and
understanding of this important region of geospace. This collection includes the results presented at the
American Geophysical Union Chapman International Conference in Cascais, Portugal (March 2018) and
many other recent and relevant contributions. The present article introduces and review the context, current
research, and main questions that motivate modern radiation belt research divided into the following
topics: (1) particle acceleration and transport, (2) particle loss, (3) the role of nonlinear processes, (4)
new radiation belt modeling capabilities and the quantification of model uncertainties, and (5) laboratory
plasma experiments.

1. Introduction

Earth's radiation belts consist of two toroidal belts of energetic charged particles (electrons and ions) sur-
rounding Earth. The outer belt typically lies at geocentric radial distances between 3 and 7 Earth radii (1
Earth radius = 6,370 km) in the equatorial plane and consists primarily of highly energetic (0.1–10 MeV)
electrons and high‐energy protons (1–100 keV), though other ion species and lower‐energy particles are also
present. The inner belt sits between 1 and 3 Earth radii and contains primarily hundreds of kiloelectron volts
electrons along with extremely energetic (e.g., hundreds of megaelectron volts) protons. This description is,
however, an idealized representation of a simplified structure. This representation can be valid during quiet
geomagnetic times but dynamic/disturbed conditions bring complex dynamic monobelt or multibelt struc-
tures (e.g., Baker, Kanekal, Hoxie, Henderson, et al., 2013) forming within the inner magnetosphere below
~7–8 Earth radii. Earth's radiation belt location is also energy dependent. Many competing processes contri-
bute to the dynamic formation and depletion of the belts, including radial transport, local wave acceleration,
particle loss to the magnetopause, particle precipitation into the atmosphere, and others. These competing
energization, loss, and transport mechanisms greatly contribute to generating complex structures far beyond
the ideal two‐belt structure. These competing mechanisms typically occur simultaneously (e.g., Baker et al.,
2019 in this collection) and are energy dependent; an accurate description of the radiation belts must
account for their combined effects. The relative importance of each process is the most fundamental, unan-
swered question in radiation belt physics. This question cannot be answered fully without the combined
effort of, and collaboration between, experimentalists, theorists, and modelers.

©2019. American Geophysical Union.
All Rights Reserved.
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Earth's Van Allen Radiation Belts: From Discovery
to the Van Allen Probes Era
W. Li1 and M.K. Hudson2,3

1Center for Space Physics, Boston University, Boston, MA, USA, 2Department of Physics and Astronomy, Dartmouth
College, Hanover, NH, USA, 3High Altitude Observatory, NCAR, Boulder, CO, USA

Abstract Discovery of the Earth's Van Allen radiation belts by instruments flown on Explorer 1 in 1958
was the first major discovery of the Space Age. The observation of distinct inner and outer zones of trapped
megaelectron volt (MeV) particles, primarily protons at low altitude and electrons at high altitude, led to
early models for source and loss mechanisms including Cosmic Ray Albedo Neutron Decay for inner zone
protons, radial diffusion for outer zone electrons and loss to the atmosphere due to pitch angle scattering.
This scattering lowers the mirror altitude for particles in their bounce motion parallel to the Earth's
magnetic field until they suffer collisional loss. A view of the belts as quasi‐static inner and outer zones of
energetic particles with different sources was modified by observations made during the Solar Cycle 22
maximum in solar activity over 1989–1991. The dynamic variability of outer zone electrons was measured by
the Combined Radiation Release and Effects Satellite launched in July 1990. This variability is caused by
distinct types of heliospheric structure that vary with the solar cycle. The launch of the twin Van Allen
Probes in August 2012 has provided much longer and more comprehensive measurements during the
declining phase of Solar Cycle 24. Roughly half of moderate geomagnetic storms, determined by intensity of
the ring current carried mostly by protons at hundreds of kiloelectron volts, produce an increase in trapped
relativistic electron flux in the outer zone. Mechanisms for accelerating electrons of hundreds of electron
volts stored in the tail region of the magnetosphere to MeVenergies in the trapping region are described in
this review: prompt and diffusive radial transport and local acceleration driven by magnetospheric waves.
Such waves also produce pitch angle scattering loss, as does outward radial transport, enhanced when the
magnetosphere is compressed. While quasilinear simulations have been used to successfully reproduce
many essential features of the radiation belt particle dynamics, nonlinear wave‐particle interactions are
found to be potentially important for causing more rapid particle acceleration or precipitation. The findings
on the fundamental physics of the Van Allen radiation belts potentially provide insights into
understanding energetic particle dynamics at other magnetized planets in the solar system, exoplanets
throughout the universe, and in astrophysical and laboratory plasmas. Computational radiation belt models
have improved dramatically, particularly in the Van Allen Probes era, and assimilative forecasting of the
state of the radiation belts has become more feasible. Moreover, machine learning techniques have been
developed to specify and predict the state of the Van Allen radiation belts. Given the potential Space
Weather impact of radiation belt variability on technological systems, these new radiation belt models are
expected to play a critical role in our technological society in the future as much as meteorological models
do today.

Plain Language Summary Discovery of the Earth's Van Allen radiation belts by instruments
flown on Explorer 1 in 1958 was the first major discovery of the Space Age. The dynamic properties of
trapped outer zone electrons and the outer boundary of the inner zone proton population, along with source
populations, have recently been studied in great detail by instruments on National Aeronautics and Space
Administration's Van Allen Probes spacecraft, as well as other data sources like operational spacecraft
designed for navigation and terrestrial weather forecasting. The vulnerability of the myriad of spacecraft that
is strongly affected by space weather disruptions, as compared to 1958, has motivated the radiation belt
community to develop essential improved models for forecasting the space environment we will inhabit in
the 21st century and evaluate its impacts on our technological society. In this paper, we provide a review
on historical background and recent advances in understanding and modeling acceleration, transport, and
loss processes of energetic particles in the Earth's Van Allen radiation belts, followed by outstanding
challenges for developing future radiation belt models. The findings on the fundamental physics of the Van
Allen radiation belts potentially provide insights into understanding energetic particle dynamics at other©2019. American Geophysical Union.

All Rights Reserved.
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• About 600 references
• Focus on major historical results and ultra 

recent studies from RBSP
• Focus on recent research and open 

questions
• But not a single image

• About 350 references
• Well illustrated
• Enriched of figures from UCLA’s and 

Dartmouth’s groups studies
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Objectives:

Synthetize all observations of electromagnetic waves and cold electron plasma density measured by 

the Van Allen Probes which drive wave-particle interactions (WPI) and RB dynamics

Generate formatted data & statistics usable for radiation belt physics

Perform accurate and validated radiation belt simulations

(Define best practices, lacks, and find ideas for new missions)  

Motivation and objectives for radiation belt studies

Motivation:

Understand and compute the dynamics of the radiation belts

Objectives of this course:

Introduce whistler-mode hiss waves and focus on their fundamental role for radiation belt dynamics
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Observation of the ambient environment: 1. the plasmasphere (briefly)
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Available methods to deduce RBSP plasma density from wave instruments

Typical lightning

WWLLN

The upper hybrid resonance (UHR) 
method
fpe

2 = fUHR
2 - fce

2, (1) and ne = 
(fpe/8980)2

(B. Kurth, D. Hartley and C. Kletzing)

Kurth+15

The s/c charging method from EFW 
(by S. Thaller)
!! = !"##$ ⁄&!" &# + !"'#$ ⁄&!" &$

Escoubet+97, Thaller+15, Jahns+20

Whistler inferred density: do (1) with 
your favorite (planar) whistler by D. 
Hartley. (2) Calibration phase with 
fUHR (Hartley+18)

1

2

3

1

2

3

• Good agreement shown here between the 3 methods
• Next slides use method 2 calibrated with method 1

(see also Jahns+20 for comparisons) 
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The plasmasphere measured by s/c charging from RBSP during the whole mission

Typical lightning

WWLLN• S/c densities are most reliable within a range between ~10 cm-3 and 3000 cm-3

• f
uhl

density used for calibrating EFW S/c charging density at various dates (every ~ +/- 2-week interval 
of the days )

• RBSP orbit makes the analysis complex: low geomagnetic activity after 2016 not well visible.
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Statistics of the plasmasphere s/c charging density 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 plasmapause position is a marker of activity
• No dynamic resolution of MLT with RBSP (MLT-dependence is only reached statistically)

10

100

1000

b1

b3 b4

b4

Ripoll et al., 2022 submitted

• The outer electron 
belt lies within the 
plasmasphere for 
40% of all times

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

Kp <1 : 70% of RBSP coverage

Kp>3 : 10% of RBSP coverage

Kp>5 : 1% of RBSP coverage
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Observation of the ambient environment: 2. whistler-mode waves
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The whistler wave picture from Summers et al. 1998

• Thorne, R. M. (2010), Radia4on belt dynamics: The importance 
of wave-par4cle interac4ons, Geophys. Res. LeD., 37, L22107, 
doi:10.1029/2010GL044990. 

• Kletzing, C. A., Kurth, W. S., Acuna, M., MacDowall, R. J., 
Torbert, R. B., Averkamp, T., et al. (2013). The Electric and 
Magne4c Field Instrument Suite and Integrated Science 
(EMFISIS) on RBSP. Space Sci. Rev. 179 (1-4), 127–181. 
doi:10.1007/s11214-013-9993-6

• Reeves, G. D., et al. (2016), Energy- dependent dynamics of keV
to MeV electrons in the inner zone, outer zone, and slot 
regions, J. Geophys. Res. Space Physics, 121, 397–412, 
doi:10.1002/ 2015JA021569. 

• Li, W., & Hudson, M. K. (2019). Earth's Van Allen radia4on belts: 
From discovery to the Van Allen Probes era. Journal of 
Geophysical Research: Space Physics, 124, 8319–8351. 
hDps://doi. org/10.1029/2018JA025940 

More recent versions of this map are in 

But there is a more complex MLT dependence we’ll address later 
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Whistler-mode waves zoo observed dynamically from space:

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

Courtesy  D. Malaspina

- 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)

The max EM power of EM waves:
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Whistler-mode hiss waves : generalities. (1/3)

• Whistler mode hiss waves leave in the plasmasphere (Thorne et al., 1973)

• Frequencies from ~50 Hz to ~2 kHz from L ~ 2 up to the plasmapause

• Right hand polarized with ellipticity above ~0.2 up to ellipticity >0.5 and 
polarization >0.5 

• Widely regarded as broadband, structureless, incoherent emission waves

• Hiss waves occur for any geomagnetic activity

• MLT-dependent model of hiss (RBSP) in Spasojevic et al. (2015)

Main references

Li+, 2015 
Meredith+, 2004, 2006
Tsurutani+, 2015
Kim+, 2015
Spasojevic+ 2015
Malaspina+ 2016, 2018
Meredith+ 2018 
Hartley+2018

He+ 2019
Chan & Holzer, 1976; 
Summers+ 2008

Woodroffe+ 2017
Su+ 2018
Shi+ 2019
Li+ 2019
Zhang+, 2018, 2019
Millan+, 2021 

• Higher-frequency hiss (2–10 kHz) have also been reported. 

• Excepbon: Summers et al. (2014) showed evidence that plasmaspheric hiss could be
a coherent emission with fine structure. Some coherence also observed with polar 
in plumes (solar min. condibons, Tsurutani et al., 2015)

• Whistler mode hiss waves are also observed in high-density plumes outside the 
plasmasphere and with ongoing characterizabon of their properbes
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Whistler-mode hiss waves : the open debate on their origins. (2/3)

Open debate for decades : origins from chorus (?)
• Bortnik, Thorne, and Meredith (2008) : plasmaspheric hiss originates from chorus 

emissions, which are generated outside the plasmasphere. Chorus would propagate
into the plasmasphere where they become trapped. Ray tracing studies support this
scenario. 

• This thesis is also supported by global statistical evidence based on chorus waves
measurements from 6 different satellites (Meredith, Horne, Glauert, et al., 2013).

• Simultaneous appearance and disappearance of hiss and chorus waves could support 
this theory (Liu et al., 2017). 

BUT 
• Hartley et al. (2019) used Van Allen Probes observations coupled to ray tracing 

simulation and found a spatial limitation of the wave vector orientation indicating that
chorus waves may only contribute to a small fraction of the plasmaspheric hiss wave
power. 

• Internal generation is a plausible alternative. Falkowski et al. (2017) suggest midnight
injections of energetic electrons from substorm or small injection event (nonstorm
events) could generate hiss. 

• Nonlinear mechanisms of generation and growth of hiss may help to reveal their origin

Main references:

Chen+,  2012a, 2012b
Chen+, 2012b, 2012c

Omura, Nakamura, et al., 2015
Nakamura+, 2016

the propagation and evolution of discrete chorus
elements from their source region outside the
plasmasphere into the incoherent noise band that

characterizes plasmaspheric hiss, inside the plasma-
sphere.Understanding the origin of hisswill enable
space physicists to calculate spatial maps of hiss

characteristics and in turn predict the effect of hiss
on the radiation belt electrons that are a known
hazard to astronauts and to a variety of techno-
logical systems in space (18).

References and Notes
1. C. F. Kennel, H. E. Petschek, J. Geophys. Res. 71,

1 (1966).
2. L. R. Lyons, R. M. Thorne, C. F. Kennel, J. Geophys. Res.

77, 3455 (1972).
3. R. W. Abel, R. M. Thorne, J. Geophys. Res. 103, 2385 (1998).
4. L. R. Lyons, R. M. Thorne, J. Geophys. Res. 78, 2142 (1973).
5. R. B. Horne et al., J. Geophys. Res. 111, A03225 (2005).
6. R. M. Thorne, E. J. Smith, R. K. Burton, R. E. Holzer,

J. Geophys. Res. 78, 1581 (1973).
7. J. Bortnik, R. M. Thorne, N. P. Meredith, Nature 452, 62

(2008).
8. N. Dunckel, R. A. Helliwell, J. Geophys. Res. 74, 6371 (1969).
9. C. T. Russell, R. E. Holzer, E. J. Smith, J. Geophys. Res. 74,

755 (1969).
10. W. W. L. Taylor, D. A. Gurnett, J. Geophys. Res. 73, 5615

(1968).
11. M. Hayakawa, S. S. Sazhin, Planet. Space Sci. 40, 1325

(1992).
12. R. K. Burton, R. E. Holzer, J. Geophys. Res. 79, 1014 (1974).
13. W. J. Burtis, R. A. Helliwell, Planet. Space Sci. 24, 1007

(1976).
14. S. S. Sazhin, M. Hayakawa, Planet. Space Sci. 40, 681

(1992).
15. O. Santolik, Nonlinear Process. Geophys. 15, 621 (2008).
16. V. Angelopoulos, Space Sci. Rev. 141, 5 (2008).
17. O. Santolik et al., J. Geophys. Res. 111, A10208 (2006).
18. D. N. Baker, Science 297, 1487 (2002).
19. D. Lengyel-Frey et al., J. Geophys. Res. 99, 13325 (1994).
20. D. L. Carpenter, R. R. Anderson, J. Geophys. Res. 97,

1097 (1992).
21. J. Bortnik, R. M. Thorne, N. P. Meredith, J. Geophys. Res.

112, A08204 (2007).
22. The authors gratefully acknowledge support from NASA

grant NNX08A1135G and contract NAS5-02099.

22 January 2009; accepted 31 March 2009
10.1126/science.1171273

The Role of Aerosols in the
Evolution of Tropical North Atlantic
Ocean Temperature Anomalies
Amato T. Evan,1,2* Daniel J. Vimont,2 Andrew K. Heidinger,3 James P. Kossin,4 Ralf Bennartz2

Observations and models show that northern tropical Atlantic surface temperatures are sensitive
to regional changes in stratospheric volcanic and tropospheric mineral aerosols. However, it is
unknown whether the temporal variability of these aerosols is a key factor in the evolution of
ocean temperature anomalies. We used a simple physical model, incorporating 26 years of satellite
data, to estimate the temperature response of the ocean mixed layer to changes in aerosol
loadings. Our results suggest that the mixed layer’s response to regional variability in aerosols
accounts for 69% of the recent upward trend, and 67% of the detrended and 5-year low
pass–filtered variance, in northern tropical Atlantic Ocean temperatures.

Since 1980, tropical North Atlantic Ocean
temperatures have been rising at a rate
of nearly 0.25°C per decade (1). Studies

have attributed this increase, explicitly and im-
plicitly, to global warming (2, 3), mean Northern
Hemisphere temperature variations (4), changes
in the thermohaline circulation (5, 6), or some
combination of these factors (7). However, many

of these studies fail to provide either a mechanism
for or direct evidence of how these variables con-
trol tropical North Atlantic Ocean temperatures.
At the same time, models (8) and observations
(1, 9) demonstrate that local changes in aerosol
cover should have a non-negligible impact on
Atlantic Ocean temperature via the scattering of
sunlight and reduction in surface solar insolation.

The tropical North Atlantic is unique among
tropical ocean basins because of its oftentimes ex-
tensive and heavy aerosol cover (10), a consequence
of being downwind of West Africa, the world’s
largest dust source (11). Annual North African dust
emission and deposition to the North Atlantic have
been estimated to be 240 to 1600 Tg and 140 to
259 Tg, respectively (12), with the peak in West
African dust production occurring during the boreal
summer months (13). A smoothed time series of
northern tropical Atlantic dust cover (Fig. 1) shows
a maximum and minimum in dust activity that oc-
curred in 1985 and 2005, respectively, and a down-
ward trend in dust optical depth over the record. It
has been shown that during both the summer (14)
and winter seasons (15) these year-to-year changes

Fig. 4. Ray-tracing model of chorus and hiss. (A)
Ray paths representing chorus are initiated at the
equator, at L = 6, f = 0.21 fce (~855 Hz), in the
range y0 = –50° to 0° (gray ray paths), plotted at
every 0.1°, with the key wave normal range y0 =
–50° to –45° that enters the plasmasphere shown in
color. The corresponding color scale indicates the
initial wave normal angle of each ray in degrees. (B)
A single ray from the group shown in (A) is dis-
played, with y0 = –48°. The red circles indicate
group time in seconds, from the time of ray initiation
t = 0 s. The day-side cold plasma density is modeled
according to (20), with the plasmapause located at
L = 4.5, for consistency with the THEMIS observa-
tions; and the L-dependent suprathermal fluxmodel
was used as in (7, 21) for active conditions. Each ray
in (A) and (B) is plotted only while its power is above
1% of its initial value, so that in the case of (B), the
ray duration is ~20 s.

1Cooperative Institute for Meteorological Satellite Studies,
University of Wisconsin, Madison, WI 53706, USA. 2Depart-
ment of Atmospheric and Oceanic Sciences, University of
Wisconsin, Madison, WI 53706, USA. 3National Oceanic and
Atmospheric Administration (NOAA)/National Environmental
Satellite, Data, and Information Service (NESDIS)/Center for
Satellite Applications and Research (STAR), 1225 West Dayton
Street, Madison, WI 53706, USA. 4NOAA/NESDIS/National
Climatic Data Center, Madison, WI 53706, USA.

*To whom correspondence should be addressed. E-mail:
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Whistler-mode hiss waves : known as a powerful scattering wave. (3/3)

• Lyons & Thorne, 1973: Whistler mode hiss waves are the main driver of the slot 
formation and the well-known, energy dependent, two-belt structure of the radiation 
belts

• Hiss power can be locally high (>502 pT2), but their important effects come from their 
sustained power (often ~102 pT2) in a vast domain (L > ~2 up to the plasmapause 
location). 

• Breneman et al., Nature, 2015 : strong visible coherence between the hiss amplitude (1 
to 4 days after a storm) and electron loss observed in the form of bremsstrahlung X-rays 
measured from a BARREL balloons flying at altitudes of ~35 km over Antarctica, with 
modulations correlated with the variation of the plasma density and the magnetic field 

• Due to their great contribution to particle scattering, the statistical distribution of hiss 
wave properties needs to be well characterized in magnetic local time (MLT), L-shell, and 
geomagnetic activity. 

• Numerous studies have been devoted to hiss-driven loss. 

References:

Meredith+, 2006
Li, Ni, et al., 2014; 
Ni+, 2013, 2014, 2017; 
Orlova+, 2014; 
Hardman+, 2015; 
Gao+, 2015; 
Hua+, 2019; 
Li+, 2019; 
Reeves+, 2016; 
Ripoll+, 2016,2017, 

2019, 2020

Reeves et al., 2016

1 March 2013 event
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Whistler-mode Waves and Plasma Density for WPI 
manuscript submitted to JGR: Space Physics

Figure 1. Plasma waves and density variation during one orbit of Van Allen Probe B on 01

September, 2014. (a) Plasma density derived from the spacecraft floating potential calibrated

against the upper hybrid resonance line, (b) spectrogram of electric field wave power, (c) spectro-

gram of magnetic field wave power, (d) band-integrated wave power during this interval between

0.1 and 0.5 times the electron cyclotron frequency. Dashed white lines in (b) and (c) indicate the

electron cyclotron frequency (fce) and solid white lines indicate 0.5fce and 0.1fce.

tion, consists of ⇠3.12⇥107 0.5 s samples of lower-band whistler-mode waves distributed217

across L-shell, MLT, and geomagnetic activity level.218

Wave property statistics are divided into four MLT sectors: Dawn (3 < MLT <219

9), Noon (9 < MLT < 15), Dusk (15 < MLT < 21), and Midnight (21 < MLT < 24220

and 0 < MLT < 3 ). The statistics are also divided into four bins based on the loca-221

tion of the plasmapause with respect to Earth: 2 < Lpp < 3, 3 < Lpp < 4, 4 < Lpp <222

5, and 5 < Lpp < 6. The geomagnetic activity level is convolved with this binning, as223

heavily eroded plasmaspheres occur when geomagnetic activity is high, and extended plas-224

maspheres occur when geomagnetic activity is low.225

Figure 2 shows histograms of lower-band whistler-mode wave occurrence as a func-226

tion of wave power and L-shell for data recorded in the Dawn sector (3 < MLT < 9).227

Plots in the left column show data organized by L-shell, while plots in the right column228

–6–
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The plasmapause is a dynamic boundary in 
both space and time with respect to L-shell. 

Complexity arises inside the plasmapause (150-
10 #/cc), in plasma plumes and in detached 
plasma (also in very dense low-L regions)

WPI = wave particle interactions
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The plasmapause is a dynamic boundary in 
both space and time with respect to L-shell. 

Complexity arises inside the plasmapause 
(150-10 #/cc), in plasma plumes and in 
detached plasma 

In these regions live low-frequency hiss waves

Whistler waves can be a good marker of the 
plasmasphere boundary layer

Knowing both wave & plasma condition 
simultaneously is capital for good WPI 
computation

Courtesy D. Malaspina

hiss

chorus

Whistler-mode Waves and Plasma Density for WPI

WPI = wave particle interactions
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High Correlation between Plasmaspheric Hiss Wave Power and Plasma Density 

Malaspina, D. M., Ripoll, J.-F., Chu, X., Hospodarsky, G., Wygant, J. (2018). Varia4on in plasmaspheric hiss wave power with 
plasma density. Geophysical Research LeDers, 45. hDps://doi.org/10.1029/2018GL078564 

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*)
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No apparent link between chorus waves and plasmapause position
manuscript submitted to JGR: Space Physics

ΔLpp + Lpp,midpoint

ΔLpp + Lpp,midpoint
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2 < Lpp < 3

3 < Lpp < 4

4 < Lpp < 5

5 < Lpp < 6

2 < Lpp < 3

3 < Lpp < 4

4 < Lpp < 5

5 < Lpp < 6

Figure 2. Histograms of lower-band whistler-mode wave occurrence as a function of wave

power and L-shell for (a,b,c,d) data organized by L-shell and (f,g,h,i) data organized by distance

to the plasmapause, shifted by the midpoint plasmapause location (�Lpp + Lpp,midpoint), so that

the data are directly comparable to (a,b,c,d). (a,f) data for plasmapause locations between L = 2

and L = 3, (b,g) data for plasmapause locations between L = 3 and L = 4, (c,h) data for plasma-

pause locations between L = 4 and L = 5,(d,i) data for plasmapause locations between L = 5 and

L = 6. (e,j) Mean wave power as a function of L-shell derived from the distributions in (a,b,c,d)

and (f,g,h,i).

show data organized by distance from the plasmapause, shifted by the value of Lpp at229

the midpoint of the plasmapause location bin (Lpp,midpoint = 2.5, 3.5, 4.5, etc.). This230

shift enables the plasmapause-sorted data to be directly compared with the L-sort data.231

The top row shows data where 2 < Lpp < 3, the second row data where 3 < Lpp < 4,232

the third row data where 4 < Lpp < 5, and the fourth row data where 5 < Lpp < 6.233

In each case, Lpp,midpoint is indicated by a vertical dashed black line.234

We choose not to collapse over the wave amplitude dimension when displaying these235

statistics because whistler-mode chorus wave amplitude distributions are known to be236

heavily tailed (Watt et al., 2017), with the probability of observing a particular ampli-237

tude decreasing toward higher amplitudes.238

–7–

Statistics computed for 7 years of Van Allen Probes data 

No particular link between the plasma density and the 
chorus

à No sorting with Lpp

à Certainly L> Lpp defines the chorus region 

àStill some ongoing work

Malaspina, et al. Testing the Organization of Whistler-mode Chorus Wave 
Properties by Plasmapause Location Journal of Geophysical Research, 2021

Dawn sector
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Plasmasphere and whistler-mode waves coupled response to mild substorms injections
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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

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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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	

Mean Hiss Frequency Hiss 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

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

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

Antagonist effects 
- Density decreases àfavors scattering
- But wave power decreases àdoes not favor scattering

Ripoll et al. 2020, JASTP
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The whistler-mode statistical wave zoo system (L-shell sorted)

Dawn sector

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

• Overlap of hiss/chorus in L~2-3 and L~5-6

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

(Ripoll, Malaspina, Cunningham, Cosmides et al. 2022, in preparation )
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The whistler-mode statistical wave zoo system (L-shell sorted)

Dawn sector

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

• Overlap of hiss/chorus in L~2-3 and L~5-6

• Importance of hiss up to L~6 (plume effects in stats)

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

(Ripoll, Malaspina, Cunningham, Cosmides et al. 2022, in preparation )
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The whistler-mode statistical wave zoo system (L-shell sorted)

Dawn sector

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

• 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)

• Importance of plasmasphere and wave coupling

• The statistical approach mixes the effects

Work in progress

(Ripoll, Malaspina, Cunningham, Cosmides et al. 2022, in preparation )
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Mean power and mean frequency of hiss and chorus waves

(Ripoll, Malaspina, Cunningham, Cosmides et al. 2022, in preparation )

Work in progress
MLT=noonMLT=dawn

Power Mean frequency Power Mean frequency

Active
Lpp=2-3 Active

Lpp=2-3

• No occurrence rate factored (yet)
• Would be used for statistical simulations (not done here)
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Mean power and mean frequency of hiss and chorus waves

Dawn sector

(Ripoll, Malaspina, Cunningham, Cosmides et al. 2022, in preparation )

Work in progress
MLT=noonMLT=dawn

Power Mean frequency Power Mean frequency

Active
Lpp=2-3

Quiet
Lpp=5-6

Active
Lpp=2-3

Quiet
Lpp=5-6

Would be used for statistical simulations (not done here)
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Hiss waves in plasmaspheric plumes : revealed as intense by RBSP

❖ RBSP-B enters plasmaspheric plume, followed by RBSP-A (2 orbits)
❖ Intense hiss observed in the the plumeRBSP EMFISIS: Plume Hiss Waves

❖ RBSP-B enters plasmaspheric plume, followed by RBSP-A (2 orbits)
❖ Intense hiss observed in the the plume

RBSP A

RBSP B

BARREL event

RBSP EMFISIS: Plume Hiss Waves
❖ RBSP-B enters plasmaspheric plume, followed by RBSP-A (2 orbits)
❖ Intense hiss observed in the the plume

RBSP A

RBSP B

BARREL event

Model Description
❖ Event-driven quasi-linear diffusion model used to investigate plume whistler-

mode hiss waves as the cause of observed precipitation.

❖ Bounce averaged diffusion coefficients computed using CEVA code (Réveillé et 
al. (2001)) following method of Lyons et al. (1972).

❖ Average wave and plasma parameters taken from RBSP-A and 

inputted to compute the diffusion coefficientsLocal plasma and wave properties

EMFISIS observations of wave power 

Millan et al. 2021
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Observations of the radiation belts from Van Allen Probes
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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

Ripoll, J.-F., Claudepierre, S. G., Ukhorskiy, A. Y., Colpitts, C., Li, X., Fennell, J., 
& Crabtree, C. (2020). Particle Dynamics in the Earth's Radiation Belts: 
Review of Current Research and Open Questions. Journal of Geophysical 
Research: Space Physics, 125, e2019JA026735. 
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Pitch angle dependence of the outer belt (Oct. 2013)

Journal of Geophysical Research: Space Physics

in Cunningham (2016), and select the one at K ∼ 0 that has the largest value of L*. The LCDS is larger 
for larger values of K (smaller pitch angle). We include field lines in the drift-shell construction for which 
there is more than one minimum along the field line, but only if the mirror-point magnetic field strength 
for the drift shell exceeds the field strength at all other points along that field line. The diurnal variation in 
the LCDS is due to the variation in the angle of the dipole field with respect to the sun-Earth line, which, 
along with the value of Kp, defines the closed drift shells for T89. The diurnal variation in the LCDS would 
not repeat exactly for each day even if Kp were fixed (which is not the case here). This is because we com-
pute the LCDS with the same eight samples in UT each day, but Earth’s rotation around the Sun changes 
the UT at which a given orientation of the dipole with respect to the Sun-Earth line is reached by a few 
minutes each day. Note that Cunningham (2016) has shown that radial diffusion coefficients computed 
in the T89 background field can be substantially larger than those computed using the dipole field as the 
background during active times. This would further contribute to loss from outward radial diffusion dur-
ing active times.

The magnetopause position can thus directly be related to dropout events. Slower decay decreasing the flux 
after storms seems more related to waves, and thus to the density of the plasmaspheric background plasma, 
as we explain in the following sections.

PIERRARD ET AL.

10.1029/2020JA028850

12 of 24

Figure 8. RBSP-B/MagEIS L3 electron flux in cm−2 sr−1 s−1 MeV−1 in October 2013 at (left) low (24.5°), (center) 
intermediate (40°), and (right) high (90°) pitch angle plotted against L* itself computed at the corresponding pitch 
angle. The color bar is in log10 scale.

Figure 9. RBSP-B/MagEIS L3 electron flux in cm−2 sr−1 s−1 MeV−1 in October 2013 at (left) low (24.5°), (center) 
intermediate (40°), and (right) high (90°) pitch angle plotted against L McIlwain computed at 90°. The color bar is in 
log10 scale.

- Flux intensification as pitch angle increases
- No change in the inner boundary of the outer belt as pitch angle changes
- Weak dependence in p.a. of the outer radiation belt
- Strong dependence in p.a. of the inner radiation belt
- Dependence will be quantified/explained with simulations

From Pierrard, V., Ripoll, et al., JGR 2021

Outer belt

Inner belt

RBSP MagEIS data
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High energy injection in the inner belt in October 2013 : strong p.a. dependence

Journal of Geophysical Research: Space Physics
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- A high energy injection penetrates the inner belt on October 2. 
- Injection observed at 459 keV and absent in the next channel
- Common substorm electron injections is ∼250 keV (e.g. Turner et al., 2015). 

From Pierrard, V., Ripoll, et al., 2021

Injection absent at 584 keV

Injection visible at 459 keV 
and high pitch angle only
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Comparing GTO and LEO radiation belt flux in October 2013 Journal of Geophysical Research: Space Physics

6. On the Role of the Plasmasphere and Plasmaspheric Waves
Figure 12 (left) illustrates the October 2013 plasma density that is directly derived from the upper hybrid 
resonance frequency (Kurth et al., 2015) measured by the Electric and Magnetic Field Instrument Suite and 
Integrated Science (EMFISIS) (Kletzing et al., 2013) onboard the Van Allen Probes spacecraft. When EMFI-
SIS density is unavailable, the density is derived from spacecraft floating potential data, which has been cal-
ibrated against previous plasma densities determined from the upper hybrid resonance frequency (Thaller 
et al., 2015). Spacecraft floating potential is measured by the Electric Fields and Waves (EFWs) instrument 
(Wygant et al., 2013). Here, Probe B is used and density values are averaged by bins of 8 h. The plasmapause 
location (Figure 12, right) is then defined from the first minimum L-shell at which the density drops below 
the 100 cm−3 level within a 4-h temporal bin (see also Ripoll, Denton, Hartley et al., 2020; Ripoll, Denton, 
Loridan et al., 2020).

The plasma density in Figure 12 (left) shows the compression of the plasmasphere on October 2, 9, 15, and 
31 associated with the small storms discussed previously. Accurate observations of the plasmasphere are 
essential to determine what type of waves can contribute to the observed gradual loss. During these storms, 
the plasmapause in Figure 12 (right) is eroded down to L ∼ 3.5. The plasmasphere recovers then rapidly in 
1–2 days after these small storms and extends up back to L ∼ 5.5. This configuration is ideal for the devel-
opment of plasmaspheric waves.

PIERRARD ET AL.

10.1029/2020JA028850

13 of 24

Figure 10. RBSP-B/MagEIS L3 electron flux in October 2013 at low (24.5°) using L* (left panel) compared with EPT Ch 
1 using the same format (right panel).

Figure 11. Electron fluxes observed by EPT in October 2013 in Ch 5 (1–2.4 MeV). The magnetopause position is 
superposed on the upper panel (magenta solid line), as well as the last closed drift shell (LCDS) for October 2013 for 
K ∼ 0 (magenta dotted line) and the largest K that mirrors above 100 km everywhere around the orbit (magenta dashed 
line). The Dst index is also superposed (upper blue line).

- Good overlap of the ORB observed at LEO (low p.a., high lat.) and by RBSP (low p.a., lat.<20°) 
- Changing L<25 by L*25 affects the upper edge of the outer belt by ∼1 L in spreading the outer belt to higher L-shells, but does 

not change the lower L-shell limit.
- Concordance of the dropouts
- The EPT flux is lower than the RBSP flux. (Possible reasons : 24° is already likely too high in pitch angle to match the Proba V/EPT flux. MagEIS aperture 

and time integration. Lower energy range for RBSP, leading to higher fluxes. No inter-calibration yet available)

Pierrard, V., Ripoll, J.-F., Cunningham, G., Botek, E., Santolik, O., Thaller, S., et al. (2021). Observations and simulations of dropout 
events and flux decays in October 2013: Comparing MEO equatorial with LEO polar orbit. Journal of Geophysical Research: Space

Physics, 126, e2020JA028850. https:// doi.org/10.1029/2020JA028850 

RBSP: GTO                                                                            Proba V: LEO 

Journal of Geophysical Research: Space Physics
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About the radiation belt energy structure
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Made of RD=HL

The equilibrium structure a good illustration of hiss wave scattering effects that sculpt the belts structure 
during quiet times

J.-F. Ripoll, V. Loridan, G. Cunningham, G. Reeves, Y.Y Shprits, On the Time 
Needed to Reach an Equilibrium Structure of the Radiation Belts, JGR, 2015

1

2

not observed 
by VAP

The E-structure of 
the belts is energy 
dependent

The first full representation of the RB E-Structure from Van 
Allen Probes 

(Reeves et al. JGR, 2016) 
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Figures from MaGEIS generated by M. Denton
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-
March 16th

2013

1 image per 8h

(movie: 
3 images/sec
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Storm times : 
March 1st-3rd

Quiet decay: 
March 4th-15th

Midnight region

Radiation belts energy structure (RBSP/MagEIS L2 flux)
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Van Allen Probes Observations (MagEIS Level 2) of the radiation belts energy 
structure

Figures from MaGEIS generated by M. Denton

June 21st

-
July 26th

2014
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- Dynamic injections 
below 232 keV. 

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

- ORB with S-shape 
pattern 

- Slot formation 

- Gradual outer belt 
decay
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Fokker-Planck modeling, event-driven wave-particle interactions and simulations of 
the radiation belts
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The general Fokker-Planck equation for the 
phase-averaged distribution in a canonical 
form  [Schulz and Lanzerotti, 1974]:

Hierarchy of Quasi-linear Fokker-Planck models

Fokker-Planck 3D:

Cross-terms neglected

1D Reduced 
Fokker-Planck:

Pitch angle equilibrium + neglecting acceleration

Codes in use

Full Fokker-Planck
VERB-3D

(Y. Shprits’ team)

Reduced Fokker-Planck
1D-RFP
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Hierarchy of Quasi-linear Fokker-Planck models

Fokker-Planck for this talk:

Radial diffusion                                    +                            Pitch angle equilibrium
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Modeling pitch angle diffusion by wave particle interactions  
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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 
(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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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

_ _ _
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 

We use the CEA CEVA code (Réveillé, 1997; Ripoll & Mourenas, 2012; Ripoll, 
Chen, et al., 2014, Ripoll, Reeves, et al., 2016, Ripoll et al., 2017, 2019, 2020) Massively parallel computations for 6x107 Dα0α0(L, t, E, α0). (~4 years 1 proc)
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10 day averaged Dα0α0 (March 4-15, Kp~1-2) at fixed pitch angle versus (L, E)

Pitch angle diffusion occurs along a main line in the (L,E) plane that 
shifts toward higher Lshell as pitch angle increases

J.-F. Ripoll, O. Santolík, G. D. Reeves, W. S. Kurth, M. H. Denton, V. Loridan, S. A. Thaller, C. A. Kletzing, and D. 
L. Turner, Effects of whistler mode hiss waves in March 2013, J. Geophys. Res. Space Physics 122, 2017

Wave-Particle Interactions from hiss waves : pitch angle diffusion in (L-E-a)
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10 day averaged Dα0α0 (March 4-15, Kp~1-2) at fixed pitch angle versus (L, E)

Pitch angle diffusion occurs along a main line in the (L,E) plane that 
shifts toward higher Lshell as pitch angle increases

J.-F. Ripoll, O. Santolík, G. D. Reeves, W. S. Kurth, M. H. Denton, V. Loridan, S. A. Thaller, C. A. Kletzing, and D. 
L. Turner, Effects of whistler mode hiss waves in March 2013, J. Geophys. Res. Space Physics 122, 2017

Wave-Particle Interactions from hiss waves : pitch angle diffusion in (L-E-a)
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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

Reproducing the 3D radiation belt structure
TI

M
E

Event 

starts

03/04

Event 

ends

03/15

L

E

Ripoll+ 2019
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MagEIS L3 observations vs. 3D Fokker-Planck simulations (VERB3D + in house Daa)

Event 
starts
03/04

Event 
ends
03/15

TI
M

E

12 days later

DATA
=

SIMU

DATA

SIMU
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Omni-Flux 

Unidirectional 
Flux

a0=25° a0=74°

On the dynamic 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

Ripoll+ 2019
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Finding some pitch-angle dependence : observations of the theoretical Top-hat PSD

6 conditions to fulfill
1. Wide gradient of Da

0
a

0 
between low-high pitch angles

2. No newly radially inward electrons 
3. Dynamics is fast enough to cause significant decays 

(over ~10 days) 
4. Electron levels >> background levels 
5. Pitch angle resolution is high enough
6. The s/c latitude allows high pitch angle electrons to be 

observed.

Where to find it then? 
à at L~[3, 3.5] & E~[100, 300] keV

Simulated Top-Hat PSD  
= 

Steep observed PSD gradient in p.a.
Pitch angle

PSD vs. pitch angle at 4 L-shells

Ripoll+ 2019
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Fokker-Planck modeling, event-driven wave-particle interactions and simulations of 
the radiation belts : scattering in plumes



October 6, 2022CEA Interaction of radiation belt energetic particles with VLF hiss, J.-F. Ripoll, International School of Space Science, 26-30 September 2022 54

Effects of hiss in plasmaspheric plumes: intense localized non-equilibrium scattering 

❖ Inject event-driven wave and density properties into Daa (for the single MLT of the plume) 

❖ Intense hiss in the the plume cause fast non-equilibrium scattering

Bounce-Averaged Diffusion Coefficients

❖ Diffusion coefficients largest 
between ~10-150 keV, 
consistent with precipitating 
electron energies observed 
by BARREL.

❖ Main point : diffusion 
coefficients are not drift-
averaged

Evolution of PSD at Early Times: Non-equilibrium Effects
❖ Regularization reveals details of early-time dynamics
❖ At higher energies, pitch angles ~40°–75° diffuse faster leading to 

temporary growth near loss cone (∼12°–40°) Loss Timescale
❖ Initial loss rate constant, 

controlled by the largest 
gradients, which flatten as 
diffusion occurs. 

❖ Later, loss rate increases to 
steady state value. 

❖ Example @ 74 keV: first 30 min, 
the loss is 7.5 times faster than 
steady state lifetime.

74 keV: PSD growth Sharp 
decay+

constant

increase up to 
steady state 

value

Journal of Atmospheric and Solar-Terrestrial Physics xxx (xxxx) xxx
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[4.7, 5.2] and E in [1, 2] MeV, that constitutes the remains of the upper 
loop of the ‘S’, first discussed in Ripoll et al. (2019a). 

4.2. Simulations 

The temporal evolution of the gyro, bounce, and drift phase- 
averaged phase space density, f(t, L, E, α0), in the presence of pitch- 
angle diffusion can be described by (Schulz and Lanzerotti, 1974; 
Shprits et al., 2008): 

∂f
∂t =

1
G

∂
∂α0

⃒⃒
⃒⃒

L,E

(
GD̂α0α0

∂f
∂α0

⃒⃒
⃒⃒

L,E

)
(1)  

with D̂α0α0 computed in section 3 (cf. Fig. 7) and G = T(α0)sin(2α0). T(α0) 
is proportional to the bounce period evaluated at the equatorial pitch- 
angle, α0. We use f(α0,lc) = 0 at the loss cone, which itself is computed 
from a dipolar magnetic field. A Newman boundary condition is used at 

90◦, ∂f(t,α0)
∂α0

= 0. Equation (1) neglects radial diffusion and off-diagonal 
terms in the diffusion tensor. The numerical method and code are 
described in Réveillé et al. (2001). The absence of radial diffusion makes 
it impossible to solve for any injections associated with the substorm 
activity. In addition, energy diffusion is neglected in this study since 
energy diffusion coefficients are negligible for whistler mode hiss waves 
(e.g. Albert, 2008) on which that study focuses. Only scattering from 
pitch angle diffusion, and how the effects of whistler-mode waves are 
affected by the substorm activity, are investigated in this section. 

Fig. 9 shows the omnidirectional flux, i.e. the phase space density 
integrated with respect of pitch angle, solution of Equation (1) at each L- 
shell and energy. In this first numerical experiment, we choose the initial 
condition as f(t = 0, L,E, α0) = cos2(α0,lc

)
− cos2(α0). This function 

guarantees a smooth transition at the loss cone where f = 0 and is ho-
mogeneous with respect to energy. This allows all particles to decay 
from their initial state and for us to better understand and quantify their 

Fig. 9. Evolution of the simulated omnidirectional flux during 12 days, plotted at the beginning of each day. The first panel (Day 0) indicates the initial condition 
that is homogeneous in energy. 

J.-F. Ripoll et al.                                                                                                                                                                                                                                

Millan et al., Frontiers, 2021

RBSP EMFISIS: Plume Hiss Waves
❖ RBSP-B enters plasmaspheric plume, followed by RBSP-A (2 orbits)
❖ Intense hiss observed in the the plume

RBSP A

RBSP B

BARREL event



October 6, 2022CEA Interaction of radiation belt energetic particles with VLF hiss, J.-F. Ripoll, International School of Space Science, 26-30 September 2022

CEA - www.cea.fr

Conclusions and Perspectives 
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Summary and Conclusions (1/2)

• Cold electrons

• Density and its level lines (e.g. the plasmapause) are marker/tracer of the geomagnetic activities

• Fundamental coupling between density and hiss waves

• The outer electron belt lies within the plasmasphere (40% of all times if counting only Kp<1).

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

• The plasmasphere through plasmaspheric waves plays an important role in the dynamics of the outer belt

• Whistlers waves:

• Hiss dependence on density. Importance of the coupling for RB simulations

• Ongoing work to build statistics from RBSP

• Hiss waves have tremendous effects (WPI) during extended plasmasphere times 

• Hiss sculpt the slot within the belts (L=2 to L=5.5) with typical energy dependence
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• 3D L-E-a radiation belts structure is characterized by: 

• a wider and stronger inner belt at high p.a. 

• a quite isotropic PSD structure in p.a. that decays as p.a. decreases in the outer belt (quiet times) 

• 3 three-zone preserved structure (inner, outer low E seed, outer MeVich remnant island)

• Successful reproduction of RB energy structure with event-driven wave-particle interaction  for:

• quiet times (Ripoll et al., 2016, 2019)

• moderate substorm activity (Ripoll et al., JASTP, 2020)

• plume driven-loss. (Millan et al., frontiers, 2019)

• Coupling of plasma and waves improves accuracy of the simulations 

Summary and Conclusions (2/2)
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Thank you very much
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