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Fokker-­‐Planck	
  equaMon	
  

​𝜕𝑓/𝜕𝑡 = ​𝐿↑∗2 ​𝜕/𝜕​𝐿↑∗  ​​​|↓𝜇,𝐽 ​1/​L↑∗2  ​D↓​L↑∗ ​L↑∗ ↑ ​𝜕𝑓/𝜕​𝐿↑∗  ​​​|↓𝜇,𝐽 + ​1/​𝑝↑2  ​𝜕/𝜕𝑝 ​​​|↓​𝛼↓0 , ​
𝐿↑∗  ​𝑝↑2 (​𝐷↓𝑝𝑝 ​𝜕/𝜕𝑝 ​​​|↓​𝛼↓0 , ​𝐿↑∗  𝑓+ ​𝐷↓​𝛼↓0 𝑝 ​𝜕/𝜕​𝛼↓0  ​​​|↓𝑝, ​𝐿↑∗  𝑓)

+ ​1/𝑇(​𝛼↓0 )​sin ⁠(2​𝛼↓0 )  ​𝜕/𝜕​𝛼↓0  ​​​|↓𝑝, ​𝐿↑∗  𝑇(​𝛼↓0 )​sin ⁠(2​𝛼↓0 ) (​𝐷↓​𝛼↓0 ​𝛼↓0  ​𝜕/𝜕​𝛼↓0  ​​​|↓𝑝, ​
𝐿↑∗  𝑓+ ​𝐷↓​𝛼↓0 𝑝 ​𝜕/𝜕𝑝 ​​​|↓​𝛼↓0 , ​𝐿↑∗  𝑓)− ​𝑓/𝜏 	
  

Shprits	
  et	
  al.,	
  2008	
  

A	
  number	
  of	
  different	
  processes	
  determine	
  the	
  evoluRon	
  of	
  the	
  
radiaRon	
  belt	
  electrons	
  at	
  different	
  levels	
  of	
  geomagneRc	
  acRvity	
  



VERB	
  code	
  scheme	
  

Satellite	
  data,	
  Kp	
   Parameters.ini	
   Dxx.ini	
  

VERB	
  code	
  (C++)	
  
Read	
  inputs	
  

Diffusion	
  
coefficients	
  

Radial	
  
diffusion	
   InterpolaMon	
   Local	
  

diffusion	
  

Results	
  
output	
  

PSD	
  on	
  the	
  radial	
  and	
  local	
  grid.	
  	
  
Electron	
  fluxes.	
  

Diffusion	
  
coefficients	
  

Next	
  Mme	
  step	
  

The	
  VERB	
  code	
  uses	
  an	
  uncondiRonally	
  stable,	
  implicit	
  scheme	
  and	
  the	
  
operator-­‐spliVng	
  method	
  to	
  numerically	
  solve	
  the	
  Fokker-­‐Planck	
  equaRon.	
  

CALC.	
  or	
  	
  
LOAD	
  



LONG-­‐TERM	
  SIMULATIONS	
  

The	
  VERB	
  code	
  



Long-­‐term	
  simulaMon	
  with	
  the	
  VERB	
  code	
  	
  
and	
  comparison	
  with	
  Van	
  Allen	
  Probes	
  observaMons	
  

Wave	
   Amplitude	
  <Kp=2>,	
  
[pT]	
  

λmax	
   Density	
  model	
   MLT	
  
averaging	
  

Spectral	
  properRes	
  and	
  wave	
  
normal	
  angle	
  

Chorus	
  day	
   Kp	
  scaled,	
  <30>	
   35°	
   Sheeley	
  et	
  al.	
  2001	
   25%	
   See	
  SubboMn	
  at	
  al.	
  2011	
  

Chorus	
  night	
   Kp	
  scaled,	
  <35>	
   15°	
   25%	
  

Plasmaspheric	
  hiss	
   Kp	
  scaled,	
  <45>	
   45°	
   Denton	
  et	
  al.	
  2004,	
  
2006	
  

60%	
   RealisMc,	
  	
  
Orlova	
  et	
  al.	
  2014	
  (CRRES)	
  

LighMng,	
  
2xVLF	
  

Kp	
  scaled,	
  <4>,	
  	
  
0.8	
  

45°	
   Carpenter	
  and	
  
Anderson	
  1992	
  

100%,	
  4x2.4%	
   See	
  SubboMn	
  at	
  al.	
  2011	
  

IniMal	
  condiMons	
   Steady	
  state	
  

Boundary	
  
condiMons	
  

PSD	
  for	
  the	
  whole	
  range	
  of	
  Mme	
  and	
  energy	
  obtained	
  with	
  
MagEIS	
  0.9	
  MeV	
  flux	
  variaMon	
  and	
  averaged	
  spectrum	
  

Grid	
   Energy,	
  0.01	
  –	
  10	
  MeV	
  
Pitch-­‐angle,	
  0.7-­‐89.3	
  
L*,	
  1	
  –	
  5.5	
  
Time	
  step,	
  1	
  hour.	
  

101	
  points.	
  	
  
91	
  	
  	
  points.	
  
46	
  	
  	
  points.	
  	
  
	
  

SimulaMon	
  
period	
  

•  365	
  days,	
  Oct	
  1st,	
  2012	
  –	
  Oct	
  1st,	
  2013	
  

Losses	
   Coulomb	
  scaiering	
  (loss	
  into	
  atmosphere),	
  Magnetopause	
  
shadowing	
  

Plasmapause	
   Carpenter	
  and	
  Anderson,	
  1992	
  

Table	
  of	
  wave	
  parameters	
  

​𝐷↓𝐿𝐿 (𝐾𝑝,𝐿)= ​10↑0.506𝐾𝑃
−9.325 ​𝐿↑10 	
  Brau3gam	
  and	
  Albert	
  [2000]	
  

Boundary	
  condiMons	
  

Radial	
  diffusion	
  



Long-­‐term	
  VERB	
  code	
  simulaMon	
  
Oct	
  2012	
  –	
  Oct	
  2013	
  

O
bs
er
va
Ro

ns
	
  

Si
m
ul
aR

on
	
  

Kp
	
  	
  D

ST
	
  

O
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va
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ns
	
  

Si
m
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aR

on
	
  

Flux.	
  Energy	
  0.9	
  MeV.	
  L*	
  vs	
  Rme	
  plot.	
  	
  

PSD.	
  µ = 700	
  MeV/G.	
  L*	
  vs	
  Rme	
  plot.	
  	
  

We	
  reproduce	
  the	
  dynamics	
  
of	
  relaRvisRc	
  electrons,	
  but	
  
not	
  for	
  the	
  ultra-­‐relaRvisRc	
  

energies	
  

Flux.	
  Energy	
  3.6	
  MeV.	
  L*	
  vs	
  Rme	
  plot.	
  	
  

Drozdov	
  et	
  al.	
  2015	
  



​𝜏↓𝑉𝐸𝑅𝐵 =6.1  𝑑𝑎𝑦𝑠,   ​𝜏↓𝐷𝑎𝑡𝑎 
=3.8  𝑑𝑎𝑦𝑠	
  

Decay	
  rates	
  comparison	
  at	
  L*=4	
  
Oct,	
  01	
  –	
  Nov,	
  30,	
  2012	
  

RelaRvisRc	
  electrons.	
  900	
  keV	
   Ultra-­‐RelaRvisRc	
  electrons.	
  3.6	
  MeV	
  

​𝜏↓𝑉𝐸𝑅𝐵 =95.5  𝑑𝑎𝑦𝑠,   ​𝜏↓𝐷𝑎𝑡𝑎 
=9.4  𝑑𝑎𝑦𝑠  	
  

O
bs
er
va
Ro

ns
	
  

Si
m
ul
aR

on
	
  

L*
=4
	
  

Observed	
  and	
  modeled	
  decay	
  rates	
  are	
  significantly	
  different	
  for	
  
ultra-­‐relaRvisRc	
  electrons	
   Drozdov	
  et	
  al.	
  2015	
  



EMIC	
  waves	
  are	
  important!	
  

The	
  loss	
  Mme	
  scale	
  for	
  EMIC	
  
and	
  hiss	
  waves	
  

Thorne	
  and	
  Kennel	
  [1971];	
  Summers	
  and	
  Thorne	
  [2003];	
  Li	
  et	
  al.	
  [2007]	
  
Ukhorskiy	
  et	
  al.,	
  [2010]	
  suggested	
  that	
  EMIC	
  waves	
  may	
  provide	
  efficient	
  
scamering	
  mechanism	
  for	
  relaRvisRc	
  electrons.	
  

Shprits	
  et	
  al.,	
  2014	
  

Bounce-­‐averaged	
  pitch-­‐angle	
  diffusion	
  
coefficient	
  for	
  the	
  	
  EMIC	
  waves	
  

Ukhorskiy	
  et	
  al.	
  2010	
  



EMIC	
  waves	
  
Oct,	
  01	
  –	
  Nov,	
  30,	
  2012	
  

Usanova	
  et	
  al.	
  2014	
  

We	
  see	
  the	
  presence	
  of	
  the	
  
EMIC	
  waves	
  during	
  this	
  period.	
  

OmnidirecMonal	
  fluxes	
  

Normalized	
  pitch-­‐angle	
  
distribuMon	
  



EMIC	
  WAVES	
  

The	
  parametrizaMon	
  of	
  the	
  



EMIC	
  waves	
  parametrizaMons	
  

[Fraser	
  and	
  Nguyen,	
  2001]	
  
ΔL=Le–Lpp	
  	
  
ΔL<0:	
  inside	
  the	
  plasmapause	
  	
  	
  
ΔL>0	
  outside	
  of	
  the	
  plasmapause	
  	
  	
  
L=−1<ΔL<4	
  

Kp	
  ≥	
  4	
  	
   Sw	
  ≥	
  450	
  km/s	
  

Bw
2	
  =	
  1	
  nT2	
  [Ukhorski	
  et	
  al,	
  2010;	
  Meredith	
  et	
  al.	
  2014]	
  

	
  

P	
  ≥	
  5	
  nPa	
  

MLT	
  =	
  25%	
  ,	
  Occurrence	
  =	
  2%	
  [Meredith	
  et	
  al.	
  2014]	
  



Solar	
  wind	
  velocity	
  ≥	
  450	
  km/s	
  parametrizaMon	
  

​𝝉↓𝑽𝑬𝑹𝑩 =𝟏𝟑.𝟎  
𝒅𝒂𝒚𝒔,  �
​𝝉↓𝑫𝒂𝒕𝒂 =𝟗.𝟕  
𝒅𝒂𝒚𝒔  	
  

O
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ns
	
  

Si
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aR

on
	
  

L*
~4
	
  

In
de

x	
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EM
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One	
  year	
   Two	
  months	
  

EMIC:	
  	
  
L=	
  -­‐1<LEMIC–Lpp<4	
  	
  
Sw	
  ≥	
  450	
  km/s,	
  	
  
Bw2	
  =	
  1	
  nT2	
  	
  
MLT	
  =	
  25%	
  ,	
  	
  
Occurrence	
  =	
  2%	
  



Kp	
  ≥	
  4	
  parametrizaMon	
  

​𝝉↓𝑽𝑬𝑹𝑩 =𝟑𝟎.𝟏  
𝒅𝒂𝒚𝒔,  �
​𝝉↓𝑫𝒂𝒕𝒂 =𝟗.𝟕  
𝒅𝒂𝒚𝒔  	
  

One	
  year	
   Two	
  months	
  

O
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er
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Si
m
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aR
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L*
~4
	
  

In
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x	
  
an

d	
  
EM

IC
	
  

EMIC:	
  	
  
L=	
  -­‐1<LEMIC–Lpp<4	
  	
  
Kp	
  ≥	
  4,	
  	
  
Bw2	
  =	
  1	
  nT2	
  	
  
MLT	
  =	
  25%	
  ,	
  	
  
Occurrence	
  =	
  2%	
  



Solar	
  wind	
  pressure	
  ≥	
  5nT	
  parametrizaMon	
  

​𝝉↓𝑽𝑬𝑹𝑩 =𝟐𝟗.𝟓  
𝒅𝒂𝒚𝒔,  �
​𝝉↓𝑫𝒂𝒕𝒂 =𝟗.𝟕  
𝒅𝒂𝒚𝒔  	
  

O
bs
er
va
Ro

ns
	
  

Si
m
ul
aR

on
	
  

L*
~4
	
  

In
de

x	
  
an

d	
  
EM

IC
	
  

EMIC:	
  	
  
L=	
  -­‐1<LEMIC–Lpp<4	
  	
  
P	
  ≥	
  5	
  nT,	
  	
  
Bw2	
  =	
  1	
  nT2	
  	
  
MLT	
  =	
  25%	
  ,	
  	
  
Occurrence	
  =	
  2%	
  

One	
  year	
   Two	
  months	
  

The	
  best	
  agreement	
  
between	
  simulaRon	
  

results	
  and	
  observaRons	
  



VERB	
  4D	
  CODE	
  

The	
  new	
  version	
  



ConvecMve	
  and	
  Diffusive	
  simulaMons	
  of	
  
March	
  17,	
  2013	
  storm	
  

​𝜕𝑓/𝜕𝑡 = ​𝜈↓𝜙 ​𝜕𝑓/𝜕𝜙 + ​𝜈↓𝑅 ​𝜕𝑓/𝜕𝑅       +       ​
1/𝐺 ​𝜕/𝜕​𝐿↑∗  𝐺​D↓​L↑∗ ​L↑∗ ↑ ​𝜕𝑓/𝜕​𝐿↑∗  



+ ​1/𝐺 ​𝜕/𝜕𝑉 𝐺(​D↓𝑉𝑉↑ ​𝜕𝑓/𝜕𝑉 + ​D↓𝑉𝐾↑ ​
𝜕𝑓/𝜕𝐾 )	
  
+ ​1/𝐺 ​𝜕/𝜕𝐾 𝐺(​D↓𝐾𝐾↑ ​𝜕𝑓/𝜕𝐾 + ​D↓𝑉𝐾↑ ​
𝜕𝑓/𝜕𝑉 )− ​𝑓/𝜏 	
  

During	
   the	
  March	
  2013	
  storm	
  energeRc	
   relaRvisRc	
  and	
  
ultra-­‐relaRvisRc	
  electrons	
  show	
  very	
  different	
  dynamics.	
  
The	
   comparison	
   with	
   observaRons	
   at	
   various	
   energies	
  
can	
   help	
   validate	
   the	
   code	
   and	
   reveal	
   if	
   the	
   dominant	
  
physical	
   mechanisms	
   operate	
   at	
   a	
   wide	
   range	
   of	
  
energies.	
   SimulaRons	
   show	
   similar	
   dynamics	
   as	
  
observaRons.	
  	
  
	
  

Shprits	
  et	
  al,	
  2015	
  



VERB	
  4D	
  code	
  scheme	
  



NOWCAST	
  AND	
  FORECAST	
  

RadiaMon	
  belts	
  



Data	
  assimilaMon	
  and	
  GREEP	
  

•  We	
  can	
  reconstruct	
  the	
  PSD	
  by	
  
combining	
  the	
  observaMons	
  with	
  
the	
  VERB	
  code	
  through	
  a	
  split-­‐
operator	
  Kalman	
  filter	
  technique.	
  

•  Geosynchronous	
  RadiaMon	
  belt	
  
Electron	
  Empirical	
  PredicMon	
  model	
  
(GREEP)	
  is	
  based	
  on	
  the	
  solar	
  wind	
  
velocity	
  and	
  density	
  condiMons	
  and	
  
can	
  predict	
  the	
  daily	
  averaged	
  outer	
  
radiaMon	
  belt	
  electron	
  fluxes	
  .	
  	
  

Data 	
  GREEP	
  predicRon	
  

Kellerman	
  et	
  al.	
  (2014),	
  Three-­‐dimensional	
  
data	
  assimila3on	
  and	
  reanalysis	
  of	
  
radia3on	
  belt	
  electrons:	
  Observa3ons	
  of	
  a	
  
four-­‐zone	
  structure	
  using	
  five	
  spacecraS	
  
and	
  the	
  VERB	
  code,	
  JGR	
  

Kellerman	
  et	
  al.	
  (2013),	
  A	
  Geosynchronous	
  
Radia3on‒belt	
  Electron	
  Empirical	
  Predic3on	
  
(GREEP)	
  model,	
  Space	
  Weather	
  



Real time 
ACE solar 

wind 

Real-time Van 
Allen Probes 

Real time GOES 
13 and 15 

Real time and 
forecast Kp 

Nowcast PSD 
at L* = 7 

L* and PSD 
(T89) 

Forecast PSD 
at L* = 7 VERB 

Forecast radiation 
belt state 

Kalman Filter 

Nowcast radiation 
belt state 

Data 
Model 
Process 
Product 

GREEP 

RadiaMon	
  Belt	
  Forecast	
  Framework	
  

L* and PSD on the  
B equator (T89) 



Forecast	
  

Real-­‐Rme	
  forecast	
  of	
  the	
  	
  
electron	
  radiaRon	
  belt	
  dynamics	
  	
  

is	
  available	
  on	
  
hmp://rbm.epss.ucla.edu	
  



Forecast	
  

Real-­‐Rme	
  forecast	
  of	
  the	
  	
  
electron	
  radiaRon	
  belt	
  dynamics	
  	
  

is	
  available	
  on	
  
hmp://rbm.epss.ucla.edu	
  



Conclusions	
  

•  The	
  VersaMle	
  Electron	
  RadiaMon	
  Belt	
  (VERB)	
  code	
  is	
  capable	
  of	
  solving	
  the	
  Fokker-­‐
Planck	
  equaMon,	
  accounMng	
  for	
  radial	
  diffusion	
  and	
  local	
  scaiering.	
  	
  

•  Comparison	
  between	
  long-­‐term	
  VERB	
  code	
  simulaMon	
  and	
  the	
  observaMons	
  shows	
  
good	
  agreement	
  for	
  the	
  relaMvisMc	
  (~1	
  MeV)	
  electrons.	
  However,	
  the	
  fluxes	
  for	
  the	
  
ultra-­‐relaMvisMc	
  energies	
  (>3	
  MeV)	
  are	
  overesMmated.	
  	
  	
  

•  Most	
  likely,	
  EMIC	
  waves	
  are	
  necessary	
  addiMonal	
  losses.	
  The	
  simulaMon	
  with	
  
parametrizes	
  EMIC	
  waves	
  by	
  solar	
  pressure	
  provides	
  beier	
  results.	
  

•  The	
  new	
  VERB-­‐4D	
  code	
  includes	
  convecMon	
  processes	
  and	
  uses	
  new	
  invariant	
  grid	
  
to	
  calculate	
  radial	
  and	
  local	
  diffusion.	
  SimulaMons	
  with	
  the	
  4D	
  code	
  will	
  allow	
  to	
  
compare	
  simulaMons	
  at	
  various	
  MLT	
  with	
  mulM	
  point	
  observaMons	
  provided	
  by	
  Van	
  
Allen	
  Probes,	
  THEMIS,	
  Cluster	
  II,	
  MMS,	
  and	
  other	
  missions.	
  

•  The	
  reanalysis	
  provides	
  a	
  global	
  reconstrucMon	
  of	
  the	
  state	
  and	
  evoluMon	
  of	
  the	
  
radiaMon	
  belts,	
  as	
  compared	
  to	
  sparse	
  spacecrax	
  observaMons.	
  

•  Data	
  assimilaMon	
  is	
  currently	
  applied	
  to	
  conduct	
  operaMonal	
  forecasMng	
  of	
  the	
  
electrons	
  radiaMon	
  belt	
  for	
  1-­‐2	
  days	
  into	
  the	
  future.	
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