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Black box System 

System Identification Approach  
Analytical Approach Systems Approach 
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The NARMAX approach 

•  the NARMAX model is given as: 
 

  
y k F y k y k n u k u k n k k n ky u( ) [ ( ),... ( ), ( ),..., ( ), ( ),..., ( )] ( )= − − − − − +1 1ξ ξ ξξ

y k( ) : system output
u k( ) : system input
ξ( )k : noise

F[ ]⋅  nonlinear function (polynomial, rational, B-spline, RBF)

F[.] 

ξ( )k

y k( )u k( )



The NARMAX approach 
Identification methodology: 
 

•  Structure detection: Orthogonal Least-Squares estimator 
(ERR structure detection) 

•  Parameter estimation 
•  Model validation: 

– statistical validation 
– dynamical validation 

dy
dt
= 3.1dx

dt
+ 4.2x − xdx

dt
+ 2x3

Model Structure:   x; x3; dx
dt

; xdx
dt
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Online Forecasts – SNB3GEO 

The one day ahead forecasts of the 
relativistic electron fluxes with energies 
greater than 2 MeV at GEO has been 
developed in Sheffield and is available in 
real time: 
 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  
 Balikhin, Rodriguez, Boynton, Walker, Aryan, Sibeck Billings,  SW  2016 

Model	 Predic-on	
Efficiency	
Flux		

Correla-on	
Flux	

Predic-on	
Efficiency	
Log	Flux		

Correla-on	
Log	Flux	

REFM	 -1.31	
	

0.73	
	

0.70	 0.85	
	

SNB3GEO	 0.63	
	

0.82	 0.77	 0.89	
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Comparison of REFM and SNB3GEO Forecasts  
 Balikhin, Rodriguez, Boynton, Walker, Aryan, Sibeck Billings, SW  2016 
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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).
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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
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Fusion of the “first principles” and data based  
forecasts 

 •  Boundary conditions: VERB+SNB3GEO 
S. Walker, I.  Pakhotin, A. Drozdov, Yu. Shprits, M. Balikhin 

Simulation of high‐energy radiation belt electron fluxes using NARMAX‐VERB coupled codes 

SNB3GEO	provides	forecast	of	a		single	integral	value	for		the	whole	GEO	orbit.	
	NARMAX	forecast	of	boundary	condi'ons			for	each	MLT	is	required	to	improve	
	the	performance	of	fusion	model.	
	



Local Time Dependant Electron Flux Models for 
GEO 
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Local Time Dependent Electron Flux Models for 
GEO (30-50 keV)  
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Figure 1. The 30-50 keV electron flux observed by the MAGED onboard GOES 13 (blue), 14

(orange) and 15 (yellow) between 27 October 2012 and 29 October 2012. The figure also shows

when each of the spacecraft is at midday (GOES 13 - blue dashed, 14 - orange dashed, and 15

- yellow dashed) and midnight (GOES 13 - blue dot dashed, 14 - orange dot dashed, and 15 -

yellow dot dashed).

Figure 2. The model estimated 30-50 keV electron flux at all MLT from 1 November 2017 to

30 November 2017.
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Local Time Dependent Electron Flux NARX Models 
for GEO (30-50 keV)  
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Figure 3. (a) The 30-50 keV electron flux observed by the MAGED onboard GOES 13 (blue),

the sampled GOES 13 30-50 keV electron flux (red) and the model forecast at the GOES 13

location for November 2017. (b) The error between the sampled GOES 13 30-50 keV electron

flux and the model forecast at the GOES 13 location for November 2017.
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Local Time Dependent Electron Flux NARX Models 
for GEO (30-50 keV)  
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Figure 1. The 30-50 keV electron flux observed by the MAGED onboard GOES 13 (blue), 14

(orange) and 15 (yellow) between 27 October 2012 and 29 October 2012. The figure also shows

when each of the spacecraft is at midday (GOES 13 - blue dashed, 14 - orange dashed, and 15

- yellow dashed) and midnight (GOES 13 - blue dot dashed, 14 - orange dot dashed, and 15 -

yellow dot dashed).

Figure 2. The model estimated 30-50 keV electron flux at all MLT from 1 November 2017 to

30 November 2017.
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Local Time Dependent Electron Flux Models for 
GEO (30-50 keV)  
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