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	  Solar	  wind	  propaga6on	  
from	  Sun	  to	  L1	  
(AWSoM/SWIFT)	  

Forecast	  of	  the	  
Evolu6on	  of	  

Geomagne6c	  indices	  
Development	  of	  new	  
sta6s6cal	  models	   Forecast	  of	  the	  high	  

energy	  electron	  
environment	  	  

Low	  energy	  electron	  
model	  (IMPTAM)	  

Fusion	  of	  forecast	  
tools	  

PakhoPn,	  Shprits	  Drosdov,	  
Balikhin	  VERB-‐	  NARMAX	  



Solar	  wind	  propagaPon	  to	  L1	  

4	  

GONG	  magnetogram	  

AWSoM	  

SWIFT	  

Solar	  wind	  forecast	  at	  L1	  
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AWSoM	  ValidaPon	  
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SWIFT	  ValidaPon	  
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Normalised	  mass	  density	  for	  a	  Gaussian	  pulse	  in	  spherical	  geometry.	  The	  pulse	  
occur	  a	  r=0	  (le<)	  and	  is	  offset	  (right).	  	  



SWIFT	  ValidaPon	  
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MagnePc	  field	  Bx	  (le<)	  and	  number	  density	  (right)	  over	  half	  a	  solar	  rotaPon	  basd	  
on	  a	  mode,	  Parker	  solar	  wind.	  	  



Forecast	  of	  GeomagnePc	  Indices	  
•  GeomagnePc	  acPvity	  expressed	  in	  terms	  of	  
geomagnePc	  indices	  such	  as	  Dst,	  Kp,	  or	  AE	  

•  Indices	  are	  used	  as	  inputs	  to	  numerical	  models	  
such	  as	  VERB	  and	  IMPTAM	  

•  Methodologies	  used	  
– Neural	  nets	  (IRF)	  
– NARMAX	  (U.	  Sheffield)	  
– NARMAX	  +	  Lyapunov	  exponents	  (SRI)	  

Current	  status	  –	  a	  review	  of	  current	  online	  models	  
performed	  as	  well	  as	  study	  of	  methods	  to	  assess	  
quality	  
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Assessment	  of	  forecasts	  
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Models	  used	  

•  PERS: Persistence Dst(t)=Dst(t-1) 

Assessment	  



IMPTAM Low Energy Electrons  
Leader -Ganushkina, FMI 



Online Forecasts – Sheffield GOES Model  

The	  one	  day	  ahead	  forecasts	  of	  
the	  relaPvisPc	  electron	  fluxes	  
with	  energies	  greater	  than	  2	  
MeV	  at	  GEO	  has	  been	  
developed	  in	  Sheffield	  and	  is	  
available	  in	  real	  Pme:	  
	  
hUp://
www.ssg.group.shef.ac.uk/
USSW/2MeV_EF.html.	  	  

Past 90 days

Past 200 days

Past year

Space Systems Laboratory website http://ssg.group.shef.ac.uk/ssg2013/UOSSW/2MeV_EF.html
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NOAA	  REFM	  	  Forecast	  
01/05/2014 21:09Space Weather Prediction Center

Page 1 of 1http://www.swpc.noaa.gov/refm/index.html

NOAA / Space Weather Prediction Center
Relativistic Electron Forecast Model

Presented by the USAF and NOAA/ Space Weather Prediction Center

The impact of high-energy (relativistic) electrons on orbiting satellites can cause electric discharges across internal satellite
components, which in turn leads to spacecraft upsets and/or complete satellite failures. The Relativistic Electron Forecast
Model predicts the occurrence of these electrons in geosynchronous orbit. 
Plots and data are updated daily at 0010 UT. Dashed vertical lines indicate the last vertical value. 
When the input parameters are not available, the forecast is not shown.

REFM Verification Plot and Model Documentation

1 to 3 Day Predictions (text file) and corresponding Performance Statistics. 
Predictions created using data from the ACE spacecraft.

Historical electron particle data is archived at the 
National Geophysical Data Center for Solar-Terrestrial Physics.

Visually impaired users may contact SWPC for assistance.
Please credit SWPC when using these images.

   SWPC Home
Space Weather Topics:

Alerts / Warnings, Space Weather Now, Today's Space Wx, Data and Products, About Us ,
Email Products, Space Wx Workshop , Education/Outreach, Disclaimer, Customer Services, Contact Us

 



Comparison of REFM and SNB3GEO Forecasts 
(01.03.2012-03.07.2014) 

Balikhin, Rodriguez,Boynton, Walker,Aryan, Sibeck, Billings (submitted to SW 
2015) 

PE =1− 1
N

(Y (t)−Ym(t))2

var(Y )∑

Ccor =
1
N

(Y (t)− Y (t) )(Ym(t)− Ym(t) )
var(Ym)var(Y )

∑



Comparison of REFM and SNB3GEO Forecasts  
 Balikhin, Rodriguez, Boynton, Walker, Aryan, Sibeck Billings,  SW  2016 

Model	   Predic6on	  
Efficiency	  
Flux	  	  

Correla6on	  
Flux	  

Predic6on	  
Efficiency	  
Log	  Flux	  	  

Correla6on	  
Log	  Flux	  

REFM	   -‐1.31	  
	  

0.73	  
	  

0.70	   0.85	  
	  

SNB3GEO	   0.63	  
	  

0.82	   0.77	   0.89	  



Comparison of REFM and SNB3GEO Forecasts  
 Balikhin, Rodriguez, Boynton, Walker, Aryan, Sibeck Billings, SW  2016 

X - 26 BALIKHIN ET AL.: COMPARATIVE ANALYSIS

Table 1. A comparison of the prediction e�ciencies and correlations obtained by comparing

the forecasts of the> 2MeV electron flux and log10(Flux) from the REFM and SNB3GEO models

with measurements from the GOES-13 satellite.

Model PE Flux Correlation Flux PE log10 Flux Correlation log10 Flux
REFM -1.31 0.73 0.70 0.85

SNB3GEO 0.63 0.82 0.77 0.89

Table 2. Contingency tables and Heidke skill scores for the REFM predictions.

Fluence (cm�2sr�1day�1) > 108 > 108.5 > 109

REFM HSS 0.666 0.482 0.437
Observation: Yes No Yes No Yes No
Forecast

Yes 86 22 23 22 4 7
No 43 510 21 595 3 647

Table 3. Contingency tables and Heidke skill scores for the SNB3GEO predictions.

Fluence (cm�2sr�1day�1) > 108 > 108.5 > 109

SNB3GEO HSS 0.738 0.634 0.612
Observation: Yes No Yes No Yes No
Forecast

Yes 106 33 31 19 4 2
No 23 499 13 598 3 652

Figure 1. Scatter plots of (Left panel) REFM and (Right panel) SNB3GEO one-day predictions

vs. GOES-13 observations for the period of interest (March 2nd 2012-December 31st 2013). The

diagonal is the line of perfect correlation. The lower cuto↵ in the observations corresponds to an

instrument flux background of 10 1/(cm2 sr s).

D R A F T September 4, 2015, 4:03pm D R A F T
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measure [Heidke, 1926; Doswell et al., 1990; Balch, 2008]. The HSS is the ratio of the178

total number of correct predictions divided by the total number of observations, from both179

of which has been subtracted the expected number of correct forecasts by chance. Given180

w is the number of successful negative predictions, x is the number of successful positive181

predictions, y is the number of false negatives, and z is the number of false positives, the182

HSS is given by [Doswell et al., 1990]183

S =
2(xw � yz)

y

2 + z

2 + 2xw + (y + z)(x+ w)
(2)184

In the present study, a successful positive prediction is one in which the predicted daily185

fluence is above some threshold.186

4. Results

Table 1 displays the resulting values of prediction e�ciency PE and correlation187

calculated for the fluxes and their logarithms using the whole data set of fore-188

casts/measurements. With the exception of the prediction e�ciency for fluxes from189

REFM, all other parameters point to a very similar accuracy for the forecasts by the two190

models, with a marginally (⇡ 5� 10%) better accuracy in favour of SNB3GEO. The pre-191

diction e�ciency for fluxes from the REFM model has a negative value -1.2562, indicating192

it to be substantially worse than the forecasts by SNB3GEO which has a PE = 0.6313.193

The large di↵erence between the PEs for F2MeV

and log10(F2MeV

) requires some consid-194

eration of which is a better measure of model performance. The scatter plots for the two195

models are similar (Figure 1), with the somewhat greater scatter in the REFM results196

leading to slightly larger correlation values for SNB3GEO. The large di↵erences in PE for197

F2MeV

, especially the large negative PE for REFM, are dominated by the residuals due198

D R A F T September 4, 2015, 4:03pm D R A F T



Extending SNB3GEO to lower energies 

Model Forecast 
Time 

(hours) 

PE (%) CC (%) Period 

40-50 keV 10 66.9 82.0 01.03.2013- 
28.02.2015 

50-100 keV 12 69.2 83.5 01.03.2013- 
28.02.2015 

100-200 keV 16 73.2 85.6 01.03.2013- 
28.02.2015 

200-350 keV 24 71.6 84.9 01.03.2013- 
28.02.2015 

350-300 keV 24 73.6 85.9 01.03.2013- 
28.02.2015 

> 800 keV 24 72.1 85.1 01.01.2011- 
28.02.2015 

> 2MeV 24 82.3 90.9 01.0.12011- 
28.02.2015 



Extending SNB3GEO to lower energies 
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StaPsPcal	  Wave	  Models	  

•  InteracPon	  between	  waves	  and	  parPcles	  in	  the	  
radiaPon	  belts	  modeled	  using	  sets	  of	  diffusion	  tensors	  
for	  each	  wave	  mode.	  

•  Current	  staPsPcal	  models	  of	  wave	  amplitudes	  neglect	  
solar	  wind	  measurements	  and	  geomagnePc	  evoluPon	  

•  Analysis	  of	  VAP	  data	  has	  resulted	  in	  a	  new	  set	  of	  
models	  

•  NARMAX	  ERR	  analysis	  used	  to	  invesPgate	  relaPonship	  
between	  wave	  amplitude,	  solar	  wind	  variaPons	  and	  
evoluPon	  of	  geomagnePc	  indices	  

	  	  	  	  

18	  



PROGRESS:	  wave	  models	  
•  StaPsPcal	  Wave	  models	  and	  physics	  of	  wave	  parPcle	  

interacPon	  

equatorial coverage is largely provided by DE1, CRRES,
Cluster 1 and THEMIS. Further out, in the region 5 < L* < 6,
the data comes mostly from CRRES, THEMIS and Double
Star TC1, and beyond L* = 6 the equatorial coverage is
largely provided by THEMIS and Double Star TC1. In
particular, the gap in the coverage in the region 4 < L* < 6
for 0800–1200 MLT in global wave models derived from
CRRES data [e.g., Meredith et al., 2001, 2003] is filled in,
primarily with data from Double Star TC1 and THEMIS.
The largest intensities, of the order 2000 pT2, are seen dur-
ing active conditions on the dawn-side.
[37] Figure 3 shows a comparison of the average intensity

of lower band chorus observed within !9" of the magnetic
equator during active conditions measured by each of the

satellites as a function of MLT for a selection of L* values
for, from bottom to top, L* = 5.5 ! 0.3, 6.5 ! 0.3 and
7.5 ! 0.3 respectively. In each case the data have been
smoothed by performing a running mean over 3 hours of
MLT. At L* = 7.5 (Figure 3, top) there is generally good
agreement, largely to within a factor of 3 or so, between the
THEMIS and Double Star TC1 data despite the average
intensities varying by almost two orders of magnitude with
MLT. Moving in, at L* = 6.5 (Figure 3, middle) there is
again good agreement, largely to within a factor of 3 or so
between the THEMIS and Double Star TC1 data between
0200 and 0800 MLT. The two Cluster 1 measurements also
show good agreement with the THEMIS and Double Star
TC1 data at 0500 and 0600 MLT. From 1000 to 1300 MLT

Figure 2. Equatorial wave intensity of lower band chorus as a function of L*, MLT and geomagnetic
activity for each of the five satellites.

MEREDITH ET AL.: GLOBAL MODEL OF WHISTLER MODE CHORUS A10225A10225

7 of 14
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THEMIS	  A	  	  	  	  2010	  

Project: PROGRESS
Deliverable: 4.1

Doc No: PROGRESS 4.1
Page: 20 of 33

Figure 9: Distribution of satellite tracks as a function of MLT and L-shell for Lower Band
Chorus emissions observed by the THEMIS A spacecraft in 2010. Only observations of
waves with an amplitude greater than 5pT were used in the selection of satellite tracks.
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EsPmated	  number	  of	  LBC	  events	  in	  chosen	  bins	  

Project: PROGRESS
Deliverable: 4.1

Doc No: PROGRESS 4.1
Page: 21 of 33

MLT L-shell
4<L<5 5<L<7

04-08 1162 1018
08-12 952 894
12-16 888 970
16-22 1150 665
22-04 994 1118

Table 1: Estimated number of Chorus events available using data from the Cluster and
THEMIS satellites in various spatial locations.

to perform a reliable ERR analysis for a data set of these sizes. The single remaining

location (6-22 MLT, 5-7 L) has an estimate of only 665 points, that is not ideal for ERR.

However taking into account that the estimate is very conservative and data sets from

the remaining four missions overall number of points in this bin should be su�cient.

5.2 Hiss

The analysis process described above for chorus waves was applied to Cluster 4 and

THEMIS A observations of hiss emissions with exactly the same threshold 5 pT. Figures 10

and 11 show the distributions of the tracks of Cluster 4 and THEMIS A in MLT and L-

shell respectively.

The estimate of number of data that are available for hiss ERR analysis has been

carried out for hiss in the similar fashion as for chorus waves, described above. It was

aimed at the conservative estimate and employed coe�cients 4 and 10 for Cluster and

THEMIS respectively. The analysis of the resulting number data sets from these missions

lead to the following definition of spatial regions (locations) for performing ERR analysis

for hiss data. For local time range from 04 to 22 the azimuthal width of single ”bin” is

4 hours MLT. For the MLT range 22-04, the bin’s width was chosen as 6 hours MLT to

ensure the su�cient number of data points. The radial ranges for hiss were the same as

for chorus ( ranges L = 3 to L < 5 and from L = 5 to L < 7 ). Table 1 lists the number

of expected hiss data points for the chosen set of locations. The range of numbers except
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Table 4. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 22-04
LBC wave at L = 4-5 and MLT = 22-04
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
AE(t-1) 11.52 AE(t-1)p(t-2) 13.70
V(t-10) 8.45 n(t-2)V(t-6) 4.52
Dst(t-4) 1.54 AE(t-1)V(t-10) 2.50
n(t-2) 1.16 Dst(t-1)AE(t-3) 1.71
p(t-2) 0.92 AE(t-1)AE(t-1) 1.51P

ERR 23.58
P

ERR 23.93

Table 5. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 04-08
LBC wave at L = 4-5 and MLT = 04-08
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
AE(t-1) 21.75 AE(t-1)AE(t-1) 23.46
V(t-7) 11.38 AE(t-1)p(t-1) 4.62
Dst(t-7) 2.08 V(t-7) 3.09
BT sin6(✓/2)(t-10) 0.91 n(t-1) 2.60
V(t-5) 0.41 AE(t-1) 1.95P

ERR 36.53
P

ERR 35.72

Table 6. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 08-12
LBC wave at L = 4-5 and MLT = 08-12
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
AE(t-1) 15.36 AE(t-1)V(t-2) 16.94
V(t-6) 7.86 V(t-2) 7.86
AE(t-2) 1.74 AE(t-4)p(t-10) 1.83
n(t-2) 1.01 AE(t-2) 0.95
BT sin6(✓/2)(t-10) 0.61 AE(t-1)AE(t-1) 0.68P

ERR 26.57
P

ERR 28.26

D R A F T October 30, 2015, 5:22pm D R A F T
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Table 4. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 22-04
LBC wave at L = 4-5 and MLT = 22-04
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
AE(t-1) 11.52 AE(t-1)p(t-2) 13.70
V(t-10) 8.45 n(t-2)V(t-6) 4.52
Dst(t-4) 1.54 AE(t-1)V(t-10) 2.50
n(t-2) 1.16 Dst(t-1)AE(t-3) 1.71
p(t-2) 0.92 AE(t-1)AE(t-1) 1.51P

ERR 23.58
P

ERR 23.93

Table 5. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 04-08
LBC wave at L = 4-5 and MLT = 04-08
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
AE(t-1) 21.75 AE(t-1)AE(t-1) 23.46
V(t-7) 11.38 AE(t-1)p(t-1) 4.62
Dst(t-7) 2.08 V(t-7) 3.09
BT sin6(✓/2)(t-10) 0.91 n(t-1) 2.60
V(t-5) 0.41 AE(t-1) 1.95P

ERR 36.53
P

ERR 35.72

Table 6. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 08-12
LBC wave at L = 4-5 and MLT = 08-12
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
AE(t-1) 15.36 AE(t-1)V(t-2) 16.94
V(t-6) 7.86 V(t-2) 7.86
AE(t-2) 1.74 AE(t-4)p(t-10) 1.83
n(t-2) 1.01 AE(t-2) 0.95
BT sin6(✓/2)(t-10) 0.61 AE(t-1)AE(t-1) 0.68P

ERR 26.57
P

ERR 28.26

D R A F T October 30, 2015, 5:22pm D R A F T



PROGRESS:	  wave	  models	  

	  	  

	  

: X - 29

Table 7. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 12-16
LBC wave at L = 4-5 and MLT = 12-16
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
Dst(t-2) 11.01 Dst(t-3)AE(t-2) 13.84
AE(t-2) 3.69 AE(t-2)p(t-9) 2.08
V(t-10) 2.91 Dst(t-1)p(t-2) 1.93
n(t-9) 1.11 Dst(t-7)V(t-7) 1.80
p(t-9) 0.99 V(t-10) 1.51P

ERR 19.72
P

ERR 21.16

Table 8. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 4-5 and MLT 16-22
LBC wave at L = 4-5 and MLT = 16-22
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
Dst(t-9) 3.77 Dst(t-9)V(t-3) 4.10
n(t-3) 1.53 n(t-3) 1.54
AE(t-7) 0.77 BT sin6(✓/2)(t-5)n(t-10) 1.09
BT sin6(✓/2)(t-5) 0.62 AE(t-7)V(t-3) 0.78
p(t-1) 0.39 Dst(t-1)BT sin6(✓/2)(t-9) 0.75P

ERR 7.07
P

ERR 8.26

Table 9. Table showing the control parameters according to their ERR for LBC emissions at

L-shell 5-7 and MLT 22-04
LBC wave at L = 5-7 and MLT = 22-04
Linear Quadratic Nonlinear
Control Parameter ERR(%) Control Parameter ERR(%)
V(t-9) 5.67 V(t-9) 5.94
AE(t-1) 5.21 AE(t-1)V(t-3) 5.66
Dst(t-10) 0.89 AE(t-1)AE(t-1) 2.21
BT sin6(✓/2)(t-1) 0.73 BT sin6(✓/2)(t-1) 2.19
p(t-7) 0.72 Dst(t-10) 0.82P

ERR 13.22
P

ERR 16.81

D R A F T October 30, 2015, 5:22pm D R A F T
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EMW	  Spectral	  ObservaPons	  
Most	  studies	  of	  the	  amplitudes	  of	  magnetosonic	  waves	  assume	  a	  conPnuous	  
spectrum	  and	  hence	  the	  validity	  of	  the	  quasi-‐linear	  theory	  

The	  figure	  shows	  an	  
overview	  of	  the	  STAFF	  
spectrum	  analyser	  
observaPons	  on	  July	  6th,	  
2013.	  Occurrences	  of	  
Equatorial	  magnetosonic	  
waves	  are	  indicated	  by	  the	  
red	  circles.	  	  
	  
The	  waves	  appear	  
conPnuous	  in	  frequency	  
space.	  Thus,	  quasi-‐linear	  
theory	  is	  used	  to	  esPmate	  
their	  effects	  on	  electron	  
acceleraPon	  and	  loss	  
processes.	  
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Conclusion:	  

PROGRESS	  project	  is	  developing	  according	  to	  the	  proposed	  
schedule	  	  


