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Components Analysis (PCA)
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Abstract: Solar Energetic Particle (SEP) events and their parent solar events (e.g. solar flares - SFs and coronal mass ejections - CMEs) are closely related. A wealth of statistical studies has indicated the dependence of the probability of occurrence of
SEP events on the magnitude and the longitude of the SF, as well as the velocity and the width of the CME. However, most studies are limited to two dimensional correlations. In addition, similar coefficients are identified for the pair-wise correlation
of the SEP peak intensity to both the SF magnitude and the CME speed. The situation is further complicated by the fact that the solar parameters are not independent. In this work, we perform a principal component analysis (PCA) on a set of six (6)
solar variables (i.e. CME width and velocity, logarithm of the SF magnitude, SF longitude, duration and rise time), and we further apply logistic regression to infer the possible prediction of SEP events. In our analysis, we utilize 126 SEP events with
complete solar information. Each SEP event is a vector in six dimensions (corresponding to the six solar variables used in this work). PCA transforms the input vectors into a set of orthogonal components. We applied logistic regression with a single
categorical predictor, as well as, single or multiple explanatory variables. Furthermore, we validated our findings with the implementation of categorical scores (Probability of Detection - POD, False Alarm Rate —FAR). We present and interpret the
obtained scores and we discuss the strengths and weaknesses of the different implementations

Motivation

> Solar Energetic Partiicle (SEP) events are associated to solar
flares (SFs) and coronal mass ejections (CMEs). We currently
know that:

Solar flares @ WA45-W70 are associated to SEP events =
Magnetic connection

The higher the flare flux the higher the probability of SEP
occurrence @ all energies

Peak particle intensities are correlated to the SXR peak flux

Peak particle intensities are correlated with CME speeds
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| o | oo ] SEPs are associated to type lll radio bursts (~100%) and type Il

: [ \T e radio bursts (~70%)

: % Pl > We now have several inter-related quantities (solar)
e I A T that describe (map) SEP events - Can we make use

of a higher-order combination of these quantities?

Data & Methods

> 126 SEP events

> We have indentified a complete parametric grid >6 quantities > several different mappings
. . . . .
of six (6) solar variables (i.e. CME width/size (s)
d veloci I ithm of the SF magnitud
and velocity (u), logarithm of the agnitude IR
5 o 1| Vome  Wome [ Lon1 RTL  Elbogt SxR1 groupl  group? group 2 groupd  groups group o
I O SX R S S F | O n Itu d e L O n d u ratl O n DT 2 785 350 10 3 5 3995103 -5 4GS 0.00024 west hala mgulsive slow simial | duration ]
( g ] g ] 3 1556 260 12 63 [ 6,020660 -7,012116 0.0004 west hala mpulciva faxt small duration X
4 1383 243 100 20 a3 7100034 -11,176453 0,000014 west 10 halo cusal fast long duration M
- - - - - 5 1374 360 53 -2 11 1275661 -5 50600 0.000064 mant hala grachual fast  longduration ]
and rise time (RT)). covering the time period from I wons  owew  owo] :
b} 7 792 240 n 65 1 5156679 -8 217089 0.00027% west na halo mpulsive slow small duration
i) 2331 178 51 o2 6 Z2,350271 =347 05 0.00007Y west na halo Erachal fast long duration
1 7 2 1 9 1484 100 S 115 39 1216994 -11 51292 =1 0.00001 west na halo grad husal fast |Dﬁg duratian
- . 10 1118 350 72 18 55 2,256430 -3,384654 0000024 central nala grachaal fast long duration
11 1384 350 6 -1 2% 2447400 1031321 0.000044 east halo gracual fast long duration
. . . 12 1591 50 18 -78 7 2102278 -12.429216 0,00000:4 2ast hala mpulsiva fast smiall duration
13 2230 150 19 (2] 11 3,833863 -10,151549 0.00003: west na halo mpulsive fast small duration
> This resulted in a total of 3663 records with @ = = : = = e : .
15 1188 350 53 =] i} 3659906  -11.5433 E5 0.00004 west halo gradal  fast longduration
. . . . 16 1212 103 32 o7 13 0,000001 -11,761387 0.000003 west na halo mpulsive
complete information for all six (6) variables, out @ = = = = R I R R
L) 13 1108 360 19 k= P 3562670 -5,864267 0.000053 west hala grachsal
19 1517 155 2] 55 5 5945 =10, I 000019 west 12 halo gradhaal  fast longduration
- i 220 1m 26 [ £ 1,9903% 0 -8, 772459 0.000057 west no halo mpulsiva
of which 126 were SEP events and 3537 were 2 ww w7 @ soss  samw oo
pr 1230 55 45 56 17 2644325 -10,414313 0.00004 west nao halo mpulsive fast small duration
3 433 17 17 a5 162 1458424 -12,652360 000003 west na halo grachual slow Iong duration
S E P t 4 1550 350 102 9 42 Sanaaas Al 512025 0.00004 central hala grachual fzst  longduration
n O n - eve n S . 5 1336 30 151 20 48 2483187 -1, 556635 0,00002: west halo grachal fast long duratiaon
2% im 350 196 65 160 2459725 -12.429216 0.00000: west hala gradual slews  long durat ian
27 1738 170 a3 T A5 9,304709 -%,567015 0.0000% west na halo grachual fiast long duration
" . ] ] 0000 . face
-
‘x3

> Principal Component Analysis (PCA) is a
multivariate technigue that extracts the important
iInformation from the table, to represent it as a set of new
orthogonal variables called principal components, and to
display the pattern of similarity of the observations and
of the variables as points in maps [score plots, loadings

plot].

> PCA rotates the original data space such that the axes
of the new coordinate system point into the directions of
highest variance of the data

2nd Principal Component 2nd Principal Component

2nd Principal Component

Classification of SEP events

Score Plot - Flare Longitude

Score Plot - Flare Class

1st Principal Component
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Figure 1. Results of the PCA. From top to

bottom, seven score plots, colour coded on the
basis of different groupings of the variables,
while the bottom panel on the right depicts the
loadings of the primary components.

> Figure 1 presents the score plots of the SEP
sample for different groups of the initial
parameters/variables (from the top panel on the
left, labeled with [a], to the bottom panel on the
right, labeled with [f]), as well as the score plot
(bottom panel on the right, labeled with [g]).

> The first four panels of focus on the variables
that stem from solar flares, while the following two
panels, i.e., [e] and [f] display the obtained score
plots on the basis of the CME characteristics.

> Panel [a] is colour coded on the basis of the
position of the parent solar are, i.e., green stands
for western longitudes (W20-W120); blue for
central longitudes (E20-W20) and brick for eastern
(E100-E20) /ongitudes of the SEP associated solar
flares.

> Panel [b] is colour coded on the basis of the GOES
peak photon flux with blue colour presenting C
class; brick colour M class and green colour X class
solar flares.

> Panel [c] is colour coded on the basis of the solar
are rise time, with blue colour denoting gradual
flares (i.e. rise time > 13 min) and brick colour
standing for impulsive solar flares (i.e. rise time <
13 min).

> Panel [d] is colour coded with respect to the
duration of the solar flare. Blue colour stands for
long duration solar flares, while brick colour for
short duration solar flares.

> Panel [e] presents halo (Earth directed — 360
width) CMEs in blue colour and all other non halo
CMEs in brick colour. Panel [f] depicts fast CMEs
(1000 Km s) in blue and slow CMEs (<1000 Km s)
in brick colour.
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> An index | based

Papaioannou et al., Solar Physics, accepted, 2018

o [t#m. || Figure 2. Scatter plot of the SEP (blue crosses) and Non-SEP (red circles)
| events, as they map on the projected space of PC1 and PC2.

I =PCl=A4,%(logSXR) + A3 # (Long) + Az = (RT) + Ay = (DT )+

As # (u) + Ag = (w)

> When we applied PCA and then a Logistic

. Regression, by a simple threshold pth=50%
. we could identify most of the SEP events in
: hola(z)) = 1 our sample (Figure 2 top panel).
s . SR 4 e alE) > When applying a higher order regression
£ 4 we obtained several different decision
R boundaries for different pth, depicted as
U bR contours (Figure 2 bottom panel)
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> We applied Principal Component Analysis (PCA) to the SEP events of our sample and showed that significant
radiation storms, categorized as S4, S3 and S2, are related to fast and halo CMEs, as well as SFs of >M-class

> Using the outputs of PCA, a new index (l) was introduced and tested with respect to its predictive capabilities. It
was demonstrated that it actually holds prognosis potential for SEP events.

> Employing the logistic regression analysis, we introduced several different schemes for the (l) index. We found
that the classification of SEP events versus Non-SEP ones, for a threshold pth=50% leads to a FAR of 24.49 % while
correctly predicting 58.73 %. The optimal POD=77.78 % was obtained for [(3+02).
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