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MAARBLE Work 

• Monitoring, Analyzing & Assessing Radiation Belt Loss & 
Energization (MAARBLE) 

 

• Three year European Commission FP7-SPACE-2011-1 
Collaborative Project  

 

• Particle data cross calibration, processing, and data 
assimilation model development and use. 

 

• New waves and particle database available at the Cluster 
Science Archive (formerly at CAA). 

 

• Scientific research and discovery. 



Particle Database 
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Ground and Satellite 

Wave Database 

• Example: 

Spacecraft 

Wave Power 

and 

Polarisation 



 



Pc5 ULF Wave Radial Diffusion 
 



“More accurate models of radial diffusion rates should be determined in 

future studies and will require more accurate observations of 

electrostatic and electromagnetic fluctuations at low L‐shells.”- Kim et al 

JGR, 2011 

EM ULF waves only 

EM + electrostatic  

ULF fluctuations  

VERB model runs 

with Brautigam &  

Albert, JGR, 2000 

diffusion 

coefficients 

Motivation 



 





UPS: L=3.34 
(9:10) 607-1189 km/s 

3.54 to 79.05 nPa 

Kp= 4- to 9 

Dst= -35 to -422nT 

Dimitrakoudis et al. 



Georgiou et al. 



Electron acceleration in the Van Allen belts 

Pc5 wave power on 30 March 2001 Pc5 wave power on 31 March 2001 

L = 4.38 

Inward penetration of Pc5 wave power  

during the magnetic storm of 31 March 2001  



Electron acceleration in the Van Allen belts 

Pc5 wave power vary >5 orders of magnitude as a magnetic storm 

evolves and penetrate to lower L shells during the main phase 

Pc5 wave power on 1 April 2001 Pc5 wave power on 2 April 2001 

L = 6.01 



Multi-point Coherent Pc5 ULF 

Wave Interactions and Transport 
 

 



• Propose alternative use 
of multi-point NASA Van 
Allen Probes data – 
unrivalled data quality 
and energy resolution. 

 

• Mann et al. paper 
published in Nature 
Communications in 
September 2013. 

 

• See also Claudepierre 
et al., GRL, 2013. 



Excitation and Characterisation 

of EMIC and VLF Waves and 

Impacts on MeV Electrons 

 
 



Long-lasting EMIC Event from October 

11, 2012 

Magnetic field spectrogram from the CARISMA Pinawa station (L~4) and Dawson 

(L~6) on October 11, 2012. 

This event resulted in two companion papers to Van Allen Probes GRL: Mann et al. 

GRL, 2014; Usanova et al., 2014. 

Probe B  

Probe A  



Ground and Van Allen Probe EMICs:  

Impacts on MeV Electrons 

Conjugate EMIC wave observations from the CARISMA magnetometers and the 

Van Allen Probes together with proton loss on the LEO-orbit NOAA POES satellite 

on October 11, 2012.  (Mann et al., GRL., 2014; Usanova et al., GRL, 2014) 



Electron Pitch-Angle Scattering 
Differential electron flux as a function of 

L* (a-c), and differential flux as a function 

of PA, normalized by the 90-degree PA 

flux, at L*=4.5 (d-f) in the 2.3, 3.6, and 

5.6 MeV energy channels,, and EMIC 

wave occurrence from L~4-4.5 on the 

ground (g)  

between October 9 – November 29, 

2012.  

The purple arrow indicates the time of 

the minimum Dst in the consequent 

storm at 11 UT on October 13, 2012. 



Cluster C1,  C3 and C4 spacecraft observe EMIC 
triggered emissions with various frequency extents and 
various sweep rates within 20 minutes.  

The location is the plasmapause nightside (26-
27/03/2002). Energetic ring current ions were observed at 
the same time. 

Such events permit to establish the in situ properties of 
EMIC triggered emission (Grison et al., JGR, 2013) 

The observed dispersion of a 

rising tone (EMIC triggered 

emission) is obtained after 

direct estimation of the 

wavenumber (via a technique 

validated in Grison et al. JGR, 

accepted). 
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EMIC Waves at the Plasmapause?  

EMIC waves seen during 26 (18%) out of 
148 plasmapause crossings. 
Out of these 26 EMIC events 
• 6 just inside; 
• 1 just outside; 
• 1 radial gap (outside and just inside); 
• 3 at the boundary; 
• 15 outside, at high L-shells. 
 

• We observed 8 events just inside 
or at the boundary of the 
plasmapause in the duskside 
MLT sector (purple region). 

• Average radial extent of these 
events was 0.8 RE. 

Figure taken from Hudson [2013]. 

Usanova et al., 2014. 



Plume 

boundary: 

Darrouzet et al., 

(2010) Cluster 

statistics. 

EMIC waves 

(Usanova et al. 

2013). 

Link 

between 

VLF, EMIC 

waves and 

plumes? 



EMIC statistics from Cluster (polar) + THEMIS (equatorial) 

An off-equatorial population of EMIC waves exists! 

EMIC normalized occurrence in MLAT 

He band 

All bands H band 

O band 

[Mella et al., 2014, in preparation] 



EMIC propagation and polarization properties 

 
Typical range of <BB*> (magnetic power) is 1e-2 to 1e2 nT2 Hz-1 

Most of the observed EMIC waves have wave normal angles very close to field aligned (qk < 5°) 
Ellipticity ranging from -0.5 to 0.5 

[Mella et al., 2014, in preparation] 

MLT map 

(b) 

Wave normal angle (qk) 

Power 

Ellipticity 
RH 

LH 

 
EMIC Occurrence rate: 
• Hydrogen band -> morning sector 
• Helium band -> afternoon sector  
• Oxygen band -> dusk sector 

He band 



Chorus statistics from THEMIS  -  THA/THD/THE  -  year 2008 

Normalized Frequency (f/fc,e) vs. Wave normal angle (qk) 

Most rising tone spectral points in lower band  
(f < 0.5 fc,e) with k quasi-parallel to B0 (qk < 30°);  
 

Also many scanned qk close to Yres  
(Yres ... resonance cone angle)  

Rising-tone Chorus (spectral points) 

Yres(f) 

Falling-tone Chorus (spectral points) 

(b) 

Yres(f) 

Most falling tone spectral points in lower band  
(f < 0.5 fc,e) with qk close to Yres;  
(Yres ... resonance cone angle)  

High qk is generated already close to equatorial plane (source region);  
THEMIS at -16° < MLAT < +10° 

[Taubenschuss et al.,2014, submitted] 



Comparison 
Rising tones – Falling tones 

Only Box 4 (lower band; qk > 40°) contains enough data points from both groups for a direct comparison  
 
Mean <BB*> (magnetic power) and <EE*> (electric power) in Box 4 are at similar levels; 
 <BB*>: 1e-4 vs. 1e-4 nT2 Hz-1 

 <EE*>: 5e-1 vs. 10e-1 mV2 m-2 Hz-1 

 
Risers and Fallers in Box 4 are ~electrostatic (cB/E < 5) ... same type of wave, just different spectral drift 

(b) (a) 

(d) (c) 

[Taubenschuss et al.,2014, submitted] 



11 years of CLUSTER measurements 
2001-2011 

 
•   2 RE < R < 11 RE     
•  -60o < λm < +60o      
•   L*  (T89)     
•   λm0 within ±10o      

  

   

 

•  4 spacecraft  
•  Total number  
    of  16 × 106 
    multicomponent  
    (3B, 2E) spectra  
  

Represented in bins  
0.1 L* - 1o λm - 0.5h MLT 



PDF of the wave-normal    PDF of the magnetic field  
  angle – SVD        power-spectral density  
                   



 
Gaussian 
model of the 
probability 
density 
function of 
the wave 
vector angle 
 
 
A exp(-θ2/Δ2) 

5.5 < L* < 7 

4 < L*< 5.5 



Fine structure of chorus wave packets  
EMFISIS Waves, Van Allen Probe A, 14 Nov 2012 

magnetic field 
perp. to B0 
 
parallel to B0 

 
instantaneous 
amplitude 
 
 
instantaneous 
frequency 
 
 
angle between 
the wave vector 
and B0 

Santolik et al., GRL, 2014. 



EGU General Assembly, Vienna, 2013 33 08 April 2013 

Case 1: 04 Feb. 2011 Storm 

Figs from Turner et al. [JGR, 2013 in press] 

Mu = 1000 MeV/G 

K < 0.025 G1/2RE 

• Two dropouts occurred (02 and 05 Feb.) following two SIRs during this 10 day period 
 

• After the first dropout, a remnant belt was still visible after the PSD was replenished at 

L*>5.5 on 03-04 Feb., leaving a double outer belt structure! 
 

• The second dropout was much stronger, essentially eliminating the belt at L*>5 
 

• The outer belt was replenished in less than 1-day during the early recovery phase 

Two high speed streams 

High-pressure stream-interaction regions 

Second HSS caused storm 

Significant substorm activity throughout storm 

Average Bz was southward during recovery 

Two dropouts occurred! 



EGU General Assembly, Vienna, 2013 34 08 April 2013 

• CME-driven storm following a much stronger storm (also CME-driven) on 05 Apr. that resulted in a 

strong outer belt enhancement 
 

• Glancing CME (partial halo); magnetic cloud observed from 11-12 Apr. with stronger shock on 

trailing edge 
 

• Precipitation loss was more significant, but only at L-shells < ~5; consistent with other storms 

examined that reveal main phase precipitation and Bortnik et al. [JGR, 2006] 

Case 2: 11 Apr. 2010 Storm 

Figs. from Turner et al. [JGR, 2013 in press] 

Mu = 1000 MeV/G 

K < 0.025 G1/2RE 

Average solar wind speed 

Multiple Pdyn enhancements during main 

and recovery phases 

Weak storm and short recovery 

Substorms during main phase and late recovery only 

Average Bz was northward during recovery 

Main phase dropout 

after which PSD never 

fully replenishes 

during recovery 



EGU General Assembly, Vienna, 2013 35 08 April 2013 

• Wave-particle interactions with EMIC waves may 

also result in loss from the system [e.g., Horne and 

Thorne, GRL 1998; Borovsky and Denton, JGR 

2009] 
 

• During the two storms: EMICs observed by GOES 

and THEMIS-GMAGs 
 

• Compared to enhancement event, depletion event 

reveals more EMIC wave observations over 

broader ranges in L* and longer periods of time; 

Few EMICs during main phase dropouts! 
 

• Maybe direct evidence of EMIC waves scattering >1 

MeV electrons at 4<L*<5 on 07-08 Feb. 2011? 

EMIC Waves 

Figs. from Turner et al. [JGR, 2013 in press] 



EMIC, Whistler and Hiss Wave 

Pitch Angle Diffusion 

Coefficients 
 
 



Fitting the Power Spectra 

• To calculate diffusion rates 

we need the wave power 

spectra as a Gaussian 

function 

 

• Developed automatic 

procedure to fit data 

 

• Captures >90% of wave 

power 

 

• Example for chorus 



Electron flux: 100 day simulation – 45° 

 

 

45° flux (cm-2sr-1s-1keV-1) for 6MeV electrons 
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Pitch-angle dependency: 100 day simulation 

 

 

Electron flux (cm-2sr-1s-1keV-1) at L* = 4.5 

With EMIC 

Without EMIC 

fl
u

x 
(c

m
-2

sr
-1

s-1
ke

V
-1

) 

With EMIC 

Without EMIC 



Conclusions 

• MAARBLE FP-7 project is now nearing its 

conclusion. 
– Extensive scientific discovery relating to ULF waves, 

VLF, and EMIC waves and their impact on radiation 

belt dynamics. 

– New particle and waves data base available at 

Cluster Science Archive.  

– Within MAARBLE team this data base being 

successfully mined for new scientific discovery. 

– Encourage community to take advantage of this new 

public resource at Cluster Science Archive.  

http://www.cosmos.esa.int/web/csa 

 



MAARBLE 
Monitoring, Analyzing & Assessing Radiation 

Belt Loss & Energization 

 

www.maarble.eu 
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