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Precursors of Flares in Active Region NOAA 10486, 2015, J. Astron.

Astropys., 36, 111

Korsós, M. B., Baranyi, T., Ludmány, A.: Pre-flare Dynamics of
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Chapter 1

Introduction

Abstract

The interaction of solar activity with the Earth’s upper atmosphere occurs

through a complex series of events, commonly called as Space Weather. In this

context, solar activity can be separated into four components: solar flares, coro-

nal mass ejections (CMEs), high-speed solar wind, and solar energetic particles.

From these events, the two most energetic eruptions are the flares and CMEs.

In this section, after an overall brief introduction, we discuss the sources, the

driving mechanism(s) and the general properties of these two solar eruptions.

At the end, we summarise in a short review the di↵erent types of forecasting

methods.

1
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1.1 The source of solar eruptions: The solar

magnetic field

The solar magnetic field is the primary source of dynamics and topology of all

solar phenomena, including the solar flares and coronal mass ejections (CMEs).

The solar magnetic field itself is generated by the solar dynamo process inside

the Sun, at the bottom of the convection zone. At the bottom of convective

zone, the ionised gas moves around driven by turbulence and generates electric

currents. These electric currents induce magnetic fields, which also generate

electric currents. In this manner, the solar dynamo is self-reinforcing mecha-

nism, which is continuously generating a wide range of magnetic dipole fields.

The di↵erent convection currents stretch and twist the magnetic field lines,

which can reinforce the solar magnetic field to become stronger and change the

field’s direction over time.

Every 11 years the magnetic polarity of the Sun is reversed by the solar

dynamo e↵ect, with a direct forward consequence of it that the original magnetic

configuration is restored every 22 years. The most representative magnetic

phenomenon of the solar cycle is the evolution of visible parts (sunspot groups)

of the so-called active regions (ARs), eventually made of numerous sunspots.

They will be discussed in more detail in Section 4.1.

The total number of sunspots varies constantly with a period of 11 years,

as demonstrated in Figure 1.1. During the solar minimum, the global solar

magnetic field is closest to dipolar, which also means that there is almost no

sunspot on the Sun. However, when the magnetic dipole starts to reversing

then the global magnetic field becomes more and more complex. Consequently,

the number of sunspots can vary from a few to a few hundred within the period

between the minimum and the maximum of the cycle. During the peak of

the cycle the number of intensive flares and CMEs is increased because the

presence of the magnetically complex ARs is also significant. These two, as well

as the largest, intense solar explosions in the entire Solar System often result in
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rather dramatic consequences for the functioning of a number of ground- and

space-based infrastructures and services as they may be seriously damaged.

Figure 1.1: 400-year history of sunspot numbers. Credit: NASA/Marshall Solar
Physics

An intensive flare occurs between the central meridian and the western

limb of the Sun, then, it could have a serious impact on the radiation envi-

ronment near the Earth (Ippolito et al., 2005). The major flare events could

cause radiation hazards for us and to our both assets on Earth and in space,

commonly called them as the technosphere. Intense variations from the x-ray

to the ultraviolet flux originating from solar flares occurrences a↵ect the Earth’s

ionosphere, and, may immediately disrupt the high-frequency communications

and radio navigations. Also, a few hours later, the propagation of accelerated

high-energetic particles can increase the number of the high-energy proton flux

by factor of 105 for a period of hours or days. These high-energetic particles

have potential e↵ects on spacecrafts, astronauts, aircraft passengers, etc..

CMEs themselves are large clouds of magnetised plasma, and, they are

potentially even more hazardous than flares. When an event occurs at the solar

limb or at the far side of the Sun, it will likely not a↵ect us here on Earth.

However, a CME may have hazardous consequences when it occurs on the front

side of the Sun. These type of events could impinge upon the Earth’s upper

atmosphere. These interactions often result in rather dramatic consequences

to the functioning of a number of ground- (e.g. pipelines, power lines) and
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space-based infrastructures (satellites, communication, GPS) as they may be

damaged. These societal assets and services are vital to the economic welfare

and security of every citizen. Considerable failures due to CMEs have indeed

befallen in the past (e.g. Quebec, Canada su↵ered an electrical power blackout

in 1989). The known largest and most dangerous solar eruption avoided Earth

recently by ⇠30 degrees only in 2012.

Nowadays, it is also clear that the very low solar activity levels coincide

with periods of unusually cold weather. From Galileo’s observations, we know

that the solar activity was normal in the early 17th Century, but between 1650

and 1700 the sunspots disappeared. This period, called the Maunder Minimum,

has caused the Little Ice Age in Europe. There was another lower solar activity

period in the early 19th century, named the Dalton Minimum in Figure 1.1. It

is worth noting that, the five highest sunspot maxima were also in the recent

⇠400-year period.

As we mentioned above, solar activity and radiation a↵ect both human and

unmanned spaceflights in space, therefore, to predicting reliably and accurately

the solar eruptions is a very high priority area subject of Space Weather research.

1.2 Active Region

The solar magnetic activity can be investigated by the Active Regions (ARs).

ARs are where the most magnetic fields appear as closed loop systems in the

solar atmosphere. Specialised instruments can observe di↵erent wavelengths,

which convey information about di↵erent components of the AR at the surface

and in the atmosphere. The four panels of Figure 1.2 show an AR at the same

time but at di↵erent wavelength observations from the photosphere to the upper

solar atmosphere.

These large-scale magnetic structures (a few ⇠100 Mm in height) are

likely formed at the bottom of the convection zone (Spiegel and Weiss, 1980).

According to some alternative theories, the small-scale turbulent magnetic fields
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in the near-surface shear layer can unite to form a large-scale magnetic structure

that appears as ARs (Brandenburg, 2005). In the photosphere, the presence of

a strong magnetic field appears as dark sunspots (Fig. 1.2b), exhibiting few

thousands Gauss magnetic fields (Fig. 1.2a). A sunspot appears as a dark black

composed hole, what we call umbra (⇠4000 K). The umbra is surrounded by less

dark filamentous structures, called the penumbra (⇠5000 K). In a sunspot, the

strong subsurface magnetic fields inhibit convective cells from replenishing the

region with hot plasma rising from deeper regions of the convection zone. This

allows the sunspot to cool radiatively by di↵erent kind of flows (e.g. Evershed,

1909; Schlichenmaier and Solanki, 2003; Duvall et al., 1996; Fox et al., 1991).

The sunspots themselves are the photospheric interface of ARs and they

are observed being often in groups on the solar surface, in the photosphere. The

magnetic fields lines are primarily vertical in umbrae and become horizontal in

penumbrae. Sunspot groups typically contain a strongly concentrated leading

magnetic polarity and a more fragmented trailing opposite polarity. This bipo-

lar nature of an AR is mainly made up of closed magnetic field lines. These

magnetic field lines are connecting di↵erent polarity subregions inside, but they

can also interconnect with another ARs.

The whole AR is essentially an overall slowly varying structure with mag-

netic and gas pressures. The hydrostatic equilibrium is maintained with its

surroundings and lower mass density of AR, which also decreases its opacity.

Gravity allows the gas compression along the umbral pillar due to the lower

density. With time, further flux may emerge within the AR boundaries and in-

creasing the magnetic strength of them. Turbulent flows due to granulation and

supergranulation act to disperse their fields. Furthermore, adjacent magnetic

field structures interact with each other; the same polarities merge and oppo-

site polarities cancel. Due to these permanent, mostly short timescale, magnetic

activities a number of dynamic processes occur in ARs; e.g. plasma heating,

flares, and coronal mass ejections. One of the consequences of plasma heating in

the chromosphere is the up-flows along coronal loops. These up-flows give the

familiar bright appearance of the coronal loops in soft x-rays and extreme ultra-
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(a) (b)

(c) (d)

Figure 1.2: a) Magnetogram, b) continuum c) EUV and d) HXR observation of
AR 12192. Credit: www.solarmonitor.org

violet (EUV) wavelengths (Figure 1.2c). The AR decay is predominantly also

caused by local dynamics: supergranule motions, magnetic flux cancellation; or

magnetic flux submergence that are driven by turbulent di↵usion (Petrovay and

van Driel-Gesztelyi, 1997).

Beyond the general bipolar magnetic field configuration, sunspot groups

have varying complexity. Several classifications of sunspot groups were designed

to describe their white-light and magnetogram appearances. The most popular
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Figure 1.3: Visual account of the three-component classi-
fication system known as the McIntosh method. Credit:
http://www.petermeadows.com/html/glossary.html

AR characterisations are based on the McIntosh and MountWilson classification

systems (Hale et al., 1919; McIntosh, 1990). The McIntosh method is a three-

component classification system, taking the form Zpc. The first (Z) component

is the modified Zürich sunspot classification, the second one (p) classifies the

largest spot, and the last digit (c) shows the degree of spottiness in the interior of

the AR. Accordingly, the three-component classification system has 60 distinct

types of sunspot groups, as a source, that are demonstrated in Figure 1.3.

The Mount Wilson system is based on the configuration and character-

istics of the positive and negative polarities. Each group is labelled with a
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combination of designations (i.e. unipolar (↵), bipolar (�) or multipolar (� or

�)) nature of the sunspots, see Table 1.1. The label ↵ indicates only one polar-

ity of spot is visible, that precede/follow (p/f) the magnetic field distribution.

The label � indicates that a bipolar structure is visible. Here, the “p” and “f”

denote which spot is larger. The label � indicates spots of one polarity that are

on both sides of one or more spots of opposite polarity. The �-class is used for

two opposite polarity umbrae within one penumbra (Künzel, 1960). This latter

one is the most flare-productive configuration, and, they are the source of the

highest energetic solar eruptions (flares and CMEs) (Sammis et al., 2000).

Unipolar Multipolar Mixed
↵ � ���
↵p �p ��
↵f �f

��

Table 1.1: Mount Wilson sunspot groups classification system.

The �-spot configuration has a special attention because they produce

more than 90% of the flare and CME occurrences. In these spots, the shearing

motion and helicity injection of the magnetic fluxes are strong. The helicity

injection is resulted by the sunspot undergoing rotation. Shearing often occurs

when two opposite polarity flux elements move in opposite directions along their

polarity inversion line (PIL). The PIL is the most promising observable feature

and the most probable sites of solar eruptions, because, this region is where the

horizontal gradient of the magnetic field is high.

1.3 Solar Eruptions - Flares and CMEs

The solar eruptions have always presented as an astronomical phenomenon that

is visually fascinating but also equally mystifying, especially in trying to deter-

mine how and why they form and occur. Not all energetic solar eruptions can

be explained by a single model. Extensive e↵orts were and are made to establish
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a standard model which has a well-understood theoretical background and it

fits the most of the observations, like the widely accepted 2D CSHKP model.

The CSHKP standard flare-CME model includes the concepts of Carmichael

(1964); Sturrock (1966); Hirayama (1974); Kopp and Pneuman (1976), which

was further developed based by means of the modelling of Yohkoh observations

by Tsuneta (1997) and Shibata et al. (1995).

In the model, the magnetic free energy is stored in the solar corona. This

free energy is released and transferred to the kinetic energy of particles in the

plasma, by the magnetic reconnection phenomena. During the reconnection,

two plasma flows with anti-parallel magnetic fields are pushed together, flowing

in from above and below of the reconnection site. At the crossing of the two

flows, an X-point arises. In the X-point, the forcibly pushed field lines are

breaking up and rejoining to their correspondents on the opposite side. At the

same time, the newly formed magnetic field lines generate fast shock waves

which launch the accelerating particles in the form of jets, in minutes. The

magnetic reconnection site propagates upward, which leads to the formation

of rising hot coronal arcades during solar flares. At the same time, two bright

ribbons form at the feet of the coronal loops in the lower part of the solar

atmosphere, in the chromosphere. These ribbons separate as the coronal loops

rise. These process leads to release the magnetic free energy in a form of flares.

In the CSHKP standard model, a cool dense filament forms and suspended

by the magnetic corona loop field lines, over the PIL. The reconnection takes

place under the suspended filament. The eruption of a filament with the newly

reconnected magnetic field lines happens when the magnetic structure reaches

the non-equilibrium state due to the reconnection. The filament with the torn

flux rope forms a bright core of a CME (e.g. Parker, 1983; Sturrock and Uchida,

1981; van Ballegooijen, 1986) or supplies direct plasma heating in flares (e.g.

Sweet, 1958; Petschek, 1964; Carmichael, 1964; Sturrock, 1966).

Basically, Carmichael (1964) formed the ”big picture” of the 2D CSHKP

model and Sturrock (1966) added to this model that the accelerated particles
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Figure 1.4: CSHKP model for eruptive solar flares and CME. Credit: Shibata
(1998)

are produced by the flare occurrences. Later, Hirayama (1974) proposed that

the rising filament carries an electric current and induces a magnetic collapse

on the two sides of the current sheet above the PIL.

However, the standard CSHKP model has evolved significantly after 1976.

Kopp and Pneuman (1976) introduced that; after reconnection of the open

field lines (Y-type reconnection); the newly reconnected field lines have an in-

creasingly larger height and wider footpoint separation under a rising filament.

Cargill and Priest (1982) argued about the role of slow mode shocks, and two

years later, Forbes and Priest (1984) demonstrated the existence of formation

of fast and termination shocks due to the accelerated particle jets above the

newly reconnected loop. Later, Forbes and Malherbe (1986) found that the
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slow shocks disconnect into isothermal shocks and conduction front under solar

flare condition.

Tsuneta (1996) suggested X-type reconnection configuration instead of

Y-type (Kopp and Pneuman, 1976). The X-type reconnection theory provides

the location for the majority of magnetic energy dissipation. This reconnec-

tion process generates thermal conduction fronts and cast down particles which

heat up the chromospheric footpoints of newly reconnected field lines. This

impulsive heating process produces soft x-ray-emitting flare loops with high

temperatures. The newly reconnected flare loops become observable in EUV

and H↵ when they cool down by radiation and thermal conduction. Shibata

et al. (1995) and Tsuneta (1997) implemented that the heated plasma produces

hot ridges along the separatrices with the slow shocks. Above the flaring loops,

the accelerated particle jets collide with the previously reconnected field lines

and produce hot thermal and nonthermal hard x-ray sources. Yokoyama and

Shibata (1997, 1998, 2001) successfully modelled heat conduction fronts, the

slow-mode shocks and the associated chromospheric evaporation with numeri-

cal magnetohydrodynamic simulations.

Aly (1984) introduced his conjecture and a few years later Sturrock (1991)

has proven that “the energy of any smooth force-free field occupying a half coro-

nal space should be smaller than the energy of the so-called open field having

the same flux distribution on the plane photospheric boundary”. Nowadays, it

is called as Aly-Sturrock conjecture, which is based on very simplified assump-

tions, including that the all magnetic field lines are connected to the boundary

and the system is force-free. The problem with the bipolar magnetic field layout

in the CSHKP model is that large energy is necessary for the plasma to escape

from the closed bipolar flux system. This problem was unlocked after the space

era when space solar observations enabled us to build up new flare models.

The series of the di↵erent kind of flare models with multipolar flux sys-

tem has evolved significantly after a huge development in the quality of space

solar observations (e.g., SOHO, TRACE, RHESSI, Hinode, STEREO, SDO,
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IRIS satellites to name a few). In the case of a multipolar flux system model,

small energy is enough for the plasma to escape from a closed field region. In

the multipolar flux system, the plasma has to stretch a smaller number of field

lines than that in the simple CSHKP model. These flare models are categorised

according to their driver mechanisms and dimensionality of the magnetic recon-

nection geometry (see e.g., Table 10.1 of Aschwanden, 2005). The basic models

are separated by their locations of the drivers: above and below the flare site.

Above the flare site, drivers could be rising filaments or a prominence. Drivers

below the flare site, i.e. in the photosphere, can be flux emergence, converging

flows and shear flows closer to the PIL. However, it should be noted that it is no

objective of this thesis to discuss these di↵erent kinds of flare models, therefore

for further details please consult Aschwanden (2005).

1.4 Flare and CME classification

The flares release their energy by radiation. There are three stages in the

evolution of the energy release: the pre-flare, impulsive, and gradual phases

(Fletcher et al., 2011). In the first stage, heating occurs, which often takes

the form of bright filament material in H↵ observations. During the impulsive

phase, rapid brightening in hard x-ray (HXR) and radio flux enhancement are

observed. The main brightening in soft x-ray (SXR) occurs more slowly and

its peak divides the impulsive and gradual phases. From the initial SXR to the

peak, the shape of the temporal profile of HXR emission generally follows the

time derivative of the SXR emission.

Recently, the flares are characterised by the magnitude of their peak emis-

sion in SXRs using a 0.1 to 0.8 nm bandwidth. The measurements of the SXR

emission is detected by the GOES x-ray sensor on-board the GOES-15 satellite,

and are classed as A, B, C, M, or X type flares (see Table 1.2) since 1970s.

These five flare intensity class categories are broken down into a logarithmic

scale from 1 to 9. The A-, B- and C-classes are the lower energetic class of solar
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flares, and they are very abundant. In general, the A-, B- and C-classes are the

largest energetic flare class of the ��-type ARs (Guo et al., 2014). The A-, B-

and C-class range have almost no(t yet known) e↵ect on Earth. Sometimes the

C-class solar flares, which are long enough in duration, might produce a CME.

But, these CMEs are in general slow and weak, therefore, they do not seem to

cause significant geomagnetic disturbances on the Earth. M-class flares are of

medium strength, while X-class flares are the strongest out of all the intensity

flare classes. An M-class flare may cause weaker or stronger radio blackouts,

but the X-intensity flares give rise to strong to extreme radio blackouts on the

daylight side of the Earth. The M- and X-classes are the largest energetic flare

class of the ���-type ARs (Guo et al., 2014). The ���-type ARs are also the

cradle of most of the large CME eruptions. Yashiro et al. (2006) found that

almost all the X-class flares (90%) could be associated with CME occurrences.

Mount Wilson GOES Flare Classification Peak Flux Range (Watts/m2)
� A < 10�7

�� B 10�7-10�6

�� C 10�6-10�5

��� M 10�5-10�4

��� X > 10�4

Table 1.2: Relationship between the Mount Wilson sunspot groups classification
and GOES measurements of the maximum x-ray flux at wavelengths from 0.1
to 0.8 nm near Earth.

Yashiro et al. (2006) also reported, according to several solar observations,

that it can be shown that the start time of a CME is associated with the X-

class pre-flare state, when the soft x-ray radiation dominates. Most of the

acceleration of the CME occurs within 2R�. Their speed could be constant,

or it might increase or decrease slightly between 2 and 6R�. Furthermore,

the projected speeds have a wide range. The measured velocity of a CME is

generally the radial (linear) propagation speed of the upper part of a CME

frontal loop. Depending on the value of the linear speed of a CME, if the speed

is smaller/larger than the velocity of the solar wind, we call it a slow (500-
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800 km/s)/fast (over 800 km/s) CME (Webb and Howard, 2012). The fastest

Earth-directed CMEs, also called as the halo-CMEs, can reach our planet in as

little as 15-18 hours, therefore, these are the events that are absolutely vital to

predict.

There is a third type of CME: the stealth CME. The name refers to a

CME with no apparent solar surface association, therefore, it is not easy to find

the source region on the Sun. The velocity of this type of CME is smaller than

300 km/s according to Howard and Harrison (2013).

1.5 Precursors of the solar eruptions

The McIntosh and Mount Wilson classifications have been shown to be useful

for grouping ARs by their expected flare and CME productivity (Ireland et al.,

2008). However, further quantities of the ARs allow a physical comparison and

deeper understanding of the actual causes of the solar eruptions. To develop

a reliable flare and/or CME prediction method, the best is if the post-events

are analysed to compile a precise global picture of the scenarios. The most

prediction methods focus on the M5 class or above flare, because these type of

flares very often are associated with fast CMEs, see e.g. Yashiro et al. (2006).

Furthermore, the high-energy flare eruptions (>M5) have measurable e↵ects on

the Earth within a couple of hours while the CMEs have e↵ects much later.

Numerous published solar flare prediction methods are relying on di↵erent

kind of predictive parameters. Attempting for further insight, we now focus on

three flare-predictive parameter classes, namely multiscale, proxy and funda-

mental physical parameters.

1.5.1 Fractality

Fractality is a mathematical property which describes important physical im-

plications. The measured photospheric magnetic structures show the internal
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complexity. The complexity itself is a term to describe an array of properties

with scale-invariant, fractal or multifractal behavior. These methods focus on

the morphology of flux concentrations in ARs, in particular at the level of inter-

mittency in surface magnetic field patterns. High-level of intermittency means

strong tangential discontinuities in the magnetic field, which may initiate re-

connection events. Fractality is characterized by the fractal dimension of the

box-counting techniques (Meakin, 1983). A box-counting method is analysing

complex patterns by breaking an image into smaller and smaller pieces.

Abramenko (2003) applied the fractality approach to describe the struc-

tural complexity of magnetic regions. Characteristic patterns were found in the

pre-flare behaviours, but only on a time-scale of a couple of tens of minutes

near the flaring events. These identified pre-flare behaviours on photospheric

magnetograms were consider variations of structure-function for ARs; the re-

sults obtained indicate the enhancement of the plasma turbulence in connection

with the flares.

The multifractal is a generalisation of the fractal method, and, it does not

require box counting to calculate the multifractal structure-function spectrum

(Frisch, 1995). However, a single exponent is not enough to typify the ARs

dynamics, therefore, a continuous spectrum of exponents is needed. To quanti-

fying the turbulence e↵ect (Abramenko, 2003), the calculation of the turbulent

power spectrum is needed (Kolmogorov, 1941).

Ermolli et al. (2014) found that the dispersion of results and temporal

evolution of the measured values are a↵ected by the spatial scale and cadence

of the analysed magnetograms. Giorgi et al. (2015) reported that the mea-

surements of fractal and multifractal parameters carried out on a large high

spatial and temporal resolution sample of SDO/HMI observations, which allow

us to distinguish ARs that host more energetic events from relatively flare-quiet

ARs. Nevertheless, these studies did not allow to distinguish between the C-

and M-class flaring ARs, nor between the M- and X-class ARs.

The studies with fractal, multifractal, and turbulence in photospheric
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magnetic fields found that flaring ARs with di↵erent flare class exhibit distinct,

distinguishable complexity (see, e.g. McAteer et al., 2005; Georgoulis, 2012;

Ermolli et al., 2014). However, such measurements turned out to be rather

ine�cient tools for distinguishing the flare activity of ARs because of the large

dispersion of values in the same flare-class.

1.5.2 Proxy Parameters

The proxy parameters are scaled proportionally with the involved fundamental

physical quantities, which are responsible for the flare and CME eruptions,

in general (see subsection 1.5.3). There are many proxy parameters in the

flare prediction literature, but only some of them are capable to predict the

upcoming C-, M- or X-class flares. These parameters weigh heavily on PILs

LOS magnetograms. Let us recall some typical and important examples that

are relevant to the work here.

Georgoulis and Rust (2007) introduced the coronal magnetic connectivity

using the e↵ective connected magnetic field strength B
eff

. B
eff

is calculated

by means of a magnetic connectivity map in ARs to emphasises connections

alongside PILs. This method is applied without projection-e↵ects more e�-

ciently between ±41� from the disk center. Ahmed et al. (2010) described the

magnetic complexity of an AR with the well-established Ising physical model

(Ising, 1925). The magnetic connectivity parameter is calculated between every

positive and negative interacting magnetic pixels.

Schrijver (2007) introduced the R parameter which measures the mag-

netic flux close to the high gradient PILs for the emergence of current-carrying

magnetic flux. The R parameter is reliable within ±45� from disk center. Leka

and Barnes (2003a,b) adopted the R parameter to their prediction methods. In

their method, they classify the observed magnetic field with the spatial deriva-

tives, and the character of R using the first four moments; plus totals and net

values when appropriate.
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Falconer et al. (2008) developed the gradient-weighted integral length of

the neutral line (WL
SG

). WL
SG

is equal to the line integral of the horizontal

gradient of the vertical field over PILs segments where the potential horizontal

field is greater than 150 G. The WL
SG

has shown to have an useful empirical

relationship with flares and CMEs occurrence (Falconer et al., 2011) within

±30� from the central meridian. WL
SG

is still used as a main method in the

Magnetic Forecast (MAG41) forecasting service, developed by colleagues at the

University of Alabama.

Based on historical flaring observations, Wheatland (2004) presented a

Bayesian method to predict the flaring probability for di↵erent flare classes. The

method draws conclusions about the current mean rate of flares class to Poisson

distribution assumption. After, it takes a power-law distribution to deduce

probabilities for the intense flare occurrences within a given period of time.

Gallagher et al. (2002) and Bloomfield et al. (2012) used historical flare rates

based on the McIntosh AR classification to make flare prediction by Poisson

probabilities.

After providing a very brief account of some of the key proxy measures of

flare activity, let us now focus on some key physical parameters that are relevant

in estimating flare activity.

1.5.3 Fundamental Physical Parameters

The fundamental physical quantities of the impulsive solar eruptions correspond

to the budgets of magnetic free energy (E
free

) and relative magnetic helicity

(Hrel

mag

) in an AR. For the calculation of E
free

and Hrel

mag

, one needs a reliable

continuous photospheric velocity field observation, where a time series of magne-

tograms has been obtained, or a reliably extrapolated 3D vector magnetic field

for each snapshot. However, the two methods are heavily a↵ected by flow-field

uncertainties (Welsch et al., 2007) and extrapolation dependencies (Wiegelmann

1https://www.uah.edu/cspar/research/mag4-page/nrt-forecast-free-energy-flares
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et al., 2014). Furthermore, it is still not clear that the accumulated E
free

and

Hrel

mag

budgets of ARs originate from the deep convection zone or caused by the

solar surface dynamo processes (McClymont and Fisher, 1989).

By comparing the energy and helicity budgets of quiet and flare-productive

ARs, Georgoulis and Rust (2007) concluded that the estimated free energy and

the helicity are reliable quantities for their distinction. LaBonte et al. (2007)

found that a su�cient helicity injection rate for an X-class flare is at least 6·1020

Wb2s�1. This threshold was also proposed as a necessary dynamical condition

for the eruption and it may be a flare risk signature.

Considering dynamical properties in connection with halo CMEs, Smyrli

et al. (2010) examined the temporal variation of the helicity flux in a sample of

ARs. They found that no typical pre-CME behavioural pattern can be identi-

fied, but in some cases, the post-CME state showed that a significant amount

of helicity has been carried away during such events. Elmhamdi et al. (2014)

has reported characteristic flare-related patterns of the AR tilt angle variation,

which is another property related to helicity. Furthermore, Zuccarello et al.

(2015) introduced the decay index (DI), which measures the torus magnetic

instability in a current-carrying magnetic flux rope. The DI reaches a critical

value than a CME eruption would be expected.

1.6 Future automated flare prediction methods

Nowadays, several flare prediction methods use Machine Learning (ML) tech-

niques to e↵ectively predict solar eruptions. The frequently used techniques

are e.g. neural networks (Ahmed et al., 2013), support vector machines (Bobra

and Couvidat, 2015; Boucheron et al., 2015), decision trees (Yu et al., 2009),

relevance vector machines (Al-Ghraibah et al., 2015), ordinal logistic regression

(Song et al., 2009), and random forests (Liu et al., 2017, 2018).

The aim of ML is to use past data in order to train a computer algo-

rithm to be used for future flare forecasting. Learning can be supervised, where
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the training phase is based on comprises regression and classification. In the

flare and CME prediction area, the classification approaches are used. In the

classification approaches, a set of input predictors (like in Subsections 1.5.1-

1.5.3) belongs to one of two classes (binary classification). Learning can be also

unsupervised, which is apply the clustering approaches.

ML is more relevant for prediction than traditional statistics, because it

can help model more complex nonlinear relationships. Observation supporting

predictions have to be even more powerful, because they must look for their

precursor(s) in advance in order to reliably predict the upcoming event.

1.7 Thesis Aims

The aim of this thesis is to develop an accurate flare prediction method by

employing joint ground-based (i.e. DHO) and space-borne (i.e. Solar and He-

liospheric Observatory, SOHO) sunspot data. Our quest is also to find unique

signatures for the expected time of the onset of flares and also for their intensity.

In order to address these aims, specifically, we investigate the pre-flare dynamics

and the related physical processes of ARs at the solar surface by means of the

Debrecen Sunspot Data Catalogue. The study aims to address two questions

in a series:

• How could we develop a new type of measure of magnetic non-potentiality

by employing the Debrecen Sunspot Data Catalogue?

The earlier flare forecast methods are based on magnetograms. However,

the sunspots are discrete entities instead of the continuous magnetic field

distributions of the magnetograms. The sunspots themselves are observed

and identified not just as strong positive and negative magnetic polarity

elements in magnetograms but can also be detected from ground- and

space-based facilities in white light images. The white light intensity ob-

servations provide additional very useful information about the sunspots
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(e.g. shape, evolution, etc.). They are loci of high flux densities, so they

are presumably the dominant components of the flare processes. It is also

well-known that the cradles of the most intense solar flares/CME are the

�-type ARs. From this perspective, the most promising observable feature

is the PIL. The PIL is a highly probable site of the flare onset, because

this is the region where the horizontal gradient of the magnetic field is

high within a �-spot.

• How could we analyse the pre-flare values and the behavior of the horizon-

tal gradient of the magnetic field in a �-spot?

In order to find indicative values of the imminent flaring behavior even as

far as up to two-three days prior to the actual flare onset, we track the

temporal evolution of the horizontal gradient of LOS component of the

magnetic field in �-spots of an ARs. We attempt to identify typical flare

behaviours before the flare occurrences in order to predict the expected

flare intensity an expected flare onset time.

The remainder of this Thesis is organised as follows. The applied data

catalogues are described in Chapter 2. In Chapter 3, we briefly introduce and

employ our two new flare prediction methods to intensive energetic flare-classes,

i.e. for flares between classes of M5 and X. Furthermore, we present an extended

statistical analysis of AR cases and summarise our findings. In Chapter 4, we

introduce two new flare pre-cursor parameters, which show the characterisation

of the level of magnetic complexity of the ARs, by comparing their temporal

variations with the onset of flare-class and the linear velocity of associated CME

in the preceding 24, 48 and 72 hours. Finally, the main results and conclusions

of the Thesis, including prospects for future work, are summarised in Chapter 5.



Chapter 2

Data initialisation and database

Abstract

In the course of this Thesis, several data products from space-based observato-

ries were used to analyse solar active regions before the flare and CME occur-

rences. In this chapter, first, we introduce the Debrecen Sunspot Data catalogue

which provides detailed documentation of the solar photospheric activity. We

give a short description of the data preprocessing and the main characteristics

of this catalogue. Furthermore, we also discuss which sunspot data could be

used for the dynamic evolution analyses of a flaring AR. At the end of this

chapter, we give a short description of two adopted data catalogues which pro-

vide further essential information for our study. Namely, these two catalogues

are the Geostationary Operational Environmental Satellites flare list, and the

SOHO/LASCO CME catalogue.

21
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2.1 Debrecen Data Catalogue

The main activity of the Debrecen Heliophysical Observatory (DHO) was to

provide detailed information about each observable sunspot on a daily basis

from 1958, because the long-term measurement of them is very important to

study various aspects of the solar activity. The main sunspot catalogue of DHO

is called the Debrecen Photoheliographic Data (DPD), which is based on white-

light full disc observations. This catalogue is compiled from ground- and space-

based solar images from 1874 to mid 2018 on a daily basis (Baranyi et al., 2016).

In addition, DHO has also generated a further series of sunspot databases, like

the SOHO/MDI-Debrecen Data (SDD, 1996-2010) and SDO/HMI-Debrecen

Data (HMIDD, 2010-2014). All these sunspot data catalogues were generated

by the Sunspot Automatic Measurement program package (Győri, 2015).

In 1998, Győri developed the Sunspot Automatic Measurement (SAM) to

compile more than 140 years of various sunspot daily white-light observations.

SAM is a set of programs that embraces a very high number of aspects to create

a sunspot catalogue. The program package sets up the solar disk parameters in

order to transform image coordinates into heliographic ones. First, SAM deter-

mines the solar disk radius, the positions of the disk center, and the heliographic

North direction. To make a precise sunspot data catalogue, the program also

requires further information about how the solar image was obtained, like as

ground-based or space-borne image with the size of a photographic plate and

CCD camera. Last but not least, the program also takes into account the optical

distortion/image tilt of the telescope.

In this Thesis, we apply the SOHO/MDI - Debrecen Sunspot Data (SDD)

catalogue of DHO. This catalogue is based on the Solar and Heliospheric Ob-

servatory/Michelson Doppler Imager (SOHO/MDI) continuum intensity images

and magnetogram observations. SOHO/MDI is one of the leading producers of

solar data by a satellite. SOHO was launched on December 2, 1995 and is lo-

cated in a halo orbit close to the Earth-Sun L1 Lagrange point. The setup of

MDI is based on a modification of the Fourier Tachometer technique (Dunn,
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1981). The SOHO/MDI telescope collects sunlight through a series of filters

onto a 1024x1024 pixels charge-coupled device (CCD) camera and it measures

the Doppler velocity and line-of-sight (LOS) magnetic field, with a 96-minute

cadence. The spatial resolution of MDI observations is 1 arcsecond.

To create the SDD catalogue, SAM employs two di↵erent approaches to

recognise the umbra and the penumbra of a sunspot, because the sunspot is

only a darker patch then the surrounding photosphere in the white-light ob-

servation images. However, sunspots are separated by a “sharp border” which

can be identified by the intensity changes from the photosphere to their darker

patch. Based on this idea, the first application is using the so-called thresh-

old methodology. This method uses two already determined lower intensity

threshold values to determine whether an image point belongs to an umbra

or penumbra, or none. The first cuto↵ value for the penumbra comes from

the statistical studies of the darker patch-to-photosphere intensity ratios by

Chapman and Groisman (1984) and Chapman et al. (1989). The implemented

second cuto↵ value between the umbra and penumbra originates from the work

of Steinegger et al. (1996). This second cuto↵ value comes from sunspot group

image studies that focus on the di↵erent properties of the histograms and the

cumulative frequency diagrams.

First, the program selects which intensity pixel belongs to the umbra and

penumbra and contours up the areas by using the gradient of greyscale inten-

sity. The appearance of the deep gradient values on the greyscale indicates

the presence of borders between photosphere - penumbra and umbra - penum-

bra. SAM also assigns the mean LOS magnetic field of the identified umbra and

penumbra from the overlapped quasi-simultaneous magnetogram. Furthermore,

the program package also estimates the heliographic latitude (B) and longitude

(L) coordinates of the identified sunspots, which are the gravity centre of the

identified umbra.

To measure and follow the position of sunspots on the Sun, over a long pe-

riod of time, the heliographic coordinate system is the most practical one. This
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coordinate system is also called Carrington-coordinate system, after Richard

Carrington who developed it in the 1850s. This system is a fixed coordinate

system with five heliographic coordinates (L, L0, B, B0 and P as in Fig. 2.1b),

which rotates around in a sidereal frame every 25.38 days. This solar rotation

rate is determined by studying sunspots on the solar disk (Carrington, 1863).

(a)

(b)

Figure 2.1: Visualisation of (a) the Cartesian (x, y) and polar (r, ✓) coordinate
systems and (b) the heliographic latitude B, longitude L of a sunspot on the
solar disk. P is the position angle of the solar axis. P is measured from the
Earth’s north point on the disk, and is ± east/west-ward. B0 and L0 are the
heliographic latitude and longitude of the solar disk centre.
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Before we define the real heliographic coordinates of sunspots first we have

to measure the following three parameters:

• L0=0 is an internationally agreed reference point meridian, what we also

call as the Carrington central meridian. This meridian passed through first

on the apparent centre of the disk on 1st of January in 1854 at Greenwich

12:00. Every synodic Carrington rotation (27.27 days) is counted from 1st

of January in 1854 at Greenwich 12:00 with the central meridian longitude

decreasing from 360� to 0� during each full rotation. The 27.27 days is

a mean synodic rotation rate because of the eccentricity of the Earth’s

orbit, therefore, it varies little during the year.

• B0 is the heliographic latitude of the solar disk center. It varies ±7.25�

because the Sun’s rotational axis is inclined to the ecliptic plane by this

angle. When B0 is equal to zero then the sunspots travel transversely

through the disk. This can happen two times in a year, ones in June and

ones in December.

• The position angle, P, also changing during a year, because this parame-

ter superimposes the Earth’s equator on to the ecliptic. P varies between

±26.37� due to the combined e↵ect of B0 and the inclination of the su-

perimposing e↵ect (±23.37� within a year).

Nowadays, the actual values of P, B0 and L0 are given in the FITS header

files of solar observations what we can immediately apply to calculate the values

of B and L. In a relevant FITS file, the position data is given in Cartesian (x, y)

coordinates system (see Fig. 2.1a) but for us the heliographic coordinate system

is expedient to measure the position of sunspots. Therefore, SAM converts the

Cartesian coordinates into polar (r, ✓) coordinates by using the following two

equations:

r =
q
x2 + y2, ✓ = arctan y/x. (2.1)

To determine the angular distance (⇢) from the solar disk center, it is

obtained by
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sin ⇢ =
r

R
. (2.2)

Here, R is the radius of the projected image which is also stored in the

FITS header file. The r is the distance of the feature from the disk center and

it can be calculated from Eq. (2.1).

In the next step, SAM calculates the two heliographic coordinates of a

sunspot (B and L) by the following set of equations. First, the Carrington

latitude B of the sunspot is given by

sinB = cos % sinB0 + sin % cosB0 sin ✓. (2.3)

Next, we can get the Carrington latitude (L) of the sunspot if we first determine

the heliographic distance (l) from the central meridian. To calculate l, we first

apply the following equation

sin l =
cos ✓ sin %

cosB
, (2.4)

and, at the end, we add together the measured L0 and the calculated l to

have the value of the real Carrington latitude:

L = L0 + l. (2.5)

Once the above described data processing by the SAM of a sunspot ob-

servation is carried out, the created SDD catalogue will provide accurate and

detailed position, area, and mean estimated magnetic field information for all

observable sunspots and sunspot groups (see an example in Fig. 2.2). The SDD

catalogue contains data from 1996 to the end of 2010 with 96 minutes cadence

sequence in the following structure:

• Time of observation
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• NOAA number of sunspot group

• the number of the umbra. The umbrae are sequentially numbered within

a sunspot group on the basis of the umbrae’s longitude (see the upper

image of the Fig. 2.2).

• projected and the corrected areas of umbrae and penumbrae

• Carrington latitude, B

• Carrington longitude, L

• distance in longitude from the central meridian of the Sun, LCM

• position angle, P

• distance from the centre of Sun in terms of Sun’s radius, r

• mean magnetic field within the umbra, MU

• mean magnetic field within the penumbra, MP.

In this data catalogue, if there is more than one umbra within a penum-

bra, this fact is identified with a negative number. The negative number is

corresponding to the first identified umbra in the common penumbra. This is

important information for our analyses, because, if the common penumbra con-

tains positive and negative umbrae then we consider it as a �-spot. Furthermore,

in this catalogue, the uncertainty of position measurements is 0.1 heliographic

degree, while measuring the area has an error about 10% (Győri et al., 2011).

However, this catalogue has the disadvantage that the value of MU is not fully

reliable because of projection e↵ects. The value of the MU is becoming smaller

than the surrounding MP. This e↵ect is noticeable as the degree is increasing

with distance from the disk centre, especially, when one becomes closer to the

solar limb.

Therefore, we propose that we replace the MU values with a more reliable

quantity for our analyses. As listed above, the SDD catalogue contains the
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Figure 2.2: Example of the SOHO/MDI - Debrecen Sunspot Data (SDD) cat-
alogue. The numbered spots in the continuum intensity image of the NOAA
10715 sunspot group are shown. All the corresponding measured data of the
numbered spots of the sunspot group can be seen in the associated table under
the image. Credit: http://fenyi.solarobs.csfk.mta.hu
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Figure 2.3: Dependence of the mean magnetic field of both polarities in umbrae
on the umbra area measured by SOHO/MDI on the solar disc center. The data
are taken from the SDD catalogue. Credit: Korsós et al. (2014)

corrected areas of umbrae which are free from the projection e↵ects. It is also

good to mention that the projection e↵ects do not play a significant role ±10�

from the solar disk center, because one looks almost perpendicular to the Sun.

Therefore, it is allowed to investigate the dependence of theMU on the corrected

umbra area within a distance of ±10� from the solar disc centre (see Figure

2.3). In Figure 2.3, the sampling comprises 142,411 umbrae between 1996 and

2010, the error bars represent the standard deviation of the mean magnetic field

within the bins of umbra area of 1 MSH (millionth of solar hemisphere). We

can identify a logarithmic relationship between the corrected areas of umbrae

and the corresponding MU with this long-term statistical analyses. Therefore,

from this stage onwards, we will determine the value of B from the umbra area

(A) by

B = f(A) = 265[G] · ln(A) + 1067[G] (2.6)
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with an error of 15% (Korsós et al., 2014). The same expression holds with

negative signs for negative magnetic fields.

2.2 Geostationary Operational Environmental

Satellites - GOES flare list

Nowadays, the GOES catalogue is a standard reference catalogue for most of

the space weather research. We also applied this flare catalogue for our study in

this Thesis. From this catalogue, we select the potential reference flare events

to develop a new flare prediction method by analysing the sunspot data.

The first GOES operational spacecraft was launched in 1975 and this is

also the beginning of the GOES program. A number of satellites from the GOES

spacecraft series provide data through its Space Environment Monitor (SEM)

system. The three main components of the space weather monitoring program

to be observed are the x-rays, energetic particles and the magnetic field. In

our work, we use the x-ray measurements of GOES-15. The x-ray sensor of

the spacecraft is an ion chamber that yields whole-Sun x-ray fluxes in the 1-8

Å wavelength band. These measurements enable to detect the beginning and

evolution of solar flares (see Fig. 2.4). The GOES daily flare list1 contains the

following information about all flare eruption events which are registered by

GOES satellite from 1975:

• date of observation

• the moments of the beginning of a flare. This time is calculated as the

first minute of steep continuous increase in the 1-8 Å x-ray flux.

• the peak time is taken as the moment of the peak x-ray flux.

• the end time. This is the time when the flux level reached the halfway

between the maximum flux and the pre-flare background level.

1https://www.ngdc.noaa.gov
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• the flare energy (A1.0,...,9.9; B1.0,...,9.9; C1.0,...,9.9; M1.0,...,9.9 or X1.0-)

• the position and the NOAA number of the host AR of the x-ray event.

From this catalogue, we apply the peak time, the flare energy, the position

and the name of host AR of selected flare events. This information could lead

us to find prominent pre-flare behavior patterns of the host AR even days before

a flare occurrence. We use the selected information about flares in Chapter 3

and Chapter 4.

Figure 2.4: Plot of the GOES soft x-ray time profile during March 26th and
April 3th of 2001. Credit: www.sonnen-sturm.info

2.3 LASCO CME catalogue

Although sporadical CME data catalogues have been available from the early

1970s, detailed a long-term CME catalogue is only available after the advent

of the SOHO Large Angle and Spectrometric Coronagraph (LASCO) mission.

SOHO/LASCO continuously monitors the CME eruptions and compiles these

measurements to a continuous and uniform CME data catalogue from the be-

ginning of the SOHO mission (Gopalswamy et al., 2004). SOHO/LASCO has
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three coronagraphs which continuously monitors the solar corona. The C2 and

C3 cameras are two white light coronagraphs which provide images about the

corona over much of the visible spectrum (see Fig. 2.5). The C2 camera inves-

tigates the corona from 1.5 to 6R�, while the C3 camera makes images from

3.7 to 30R�. The C1 interferometer delivers images of the corona in a number

of very narrow visible wavelength bands from 1.1 to 3R�.

Figure 2.5: A composite image from SOHO LASCO C2/C3 and SDO AIA
showing Venus and a CME visible in LASCO C3. Credit: www.helioviewer.org

The LASCO CME catalogue resides in the CDAW Data Center at the

Goddard Space Flight Center2. This catalogue contains all the measurable

information about CMEs, and these quantities are obtained from the plane of

sky from the CME lift-o↵ up to reaching 20R�, as follows:

• date and time of the first appearance in the LASCO/C2 field of view,

• central position angle. The measurement of it is made by means of 2D

images.

2http://cdaw.gsfc.nasa.gov
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• apparent width. The CMEs are usually classified accordingly to their

apparent width. So, if the angular width of a CME is smaller than 10�,

we call it a narrow CME, however, if it is larger than 10�, we call it

a normal CME. When the apparent angular width is close to 360�, the

phenomenon is referred to as a halo CME.

• linear speed of CME. It is derived by the linear fit to the height-time

measurements made at the fastest section of CMEs.

• initial and final quadratic speeds of CME, which are obtained by a parabola

fit and calculating the speed at the time of final height measurement.

• actual quadratic speed when the CME is at a height of 20R�.

• acceleration. It is derived from the quadratic fit to the height-time mea-

surements. The value of it can be positive, negative or close to zero. The

meaning of these three values are the CME speeding up, moving with

constant speed or slowing down.

• CME mass, which involves a number of assumptions.

• the kinetic energy. It is obtained from the linear speed and the represen-

tative mass.

• the position angle at which the height-time measurements are made, but

it has about the same value as the central position angle.

• last but not least, the last column contains some further information about

the observation.

From this catalogue, we adopt data on the observing time, the central

position angle and linear speed of a CME. The observation time and the central

position angle allows us to find the photospheric source of a CME by applying

the date and position angle of an AR from SDD catalogue. Therefore, data
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cross-correlation allows us to investigate the evolution of the magnetic com-

plexity of the host AR days before a CME occurrence. This study is presented

in Chapter 4.



Chapter 3

Developing a new flare

prediction method

Abstract

In this Chapter, we introduce and discuss the relevant properties and their ca-

pability to improve flare prediction. Our two proposed methods employe the

measure horizontal gradient of the line-of-sight component of the magnetic field

in the photosphere. Here, new pre-flare behavioural patterns of flaring ARs are

presented. The values and temporal variation of these pre-flare patterns pro-

vide important diagnostic information about the expected time and intensity

of imminent flares. This chapter is based on Korsós et al. (2014) and Korsós

et al. (2015b).

35
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3.1 Developed methods

Recent space weather research has focused on the pre-cursive indirect observable

signatures of currents and the associated stored free magnetic energy (known

as signatures of non-potentiality) to identify diagnostically reliably the pre-

flare/CME properties, as described in Section 1.5. Prediction methods usually

focus on finding a relationship between flare and/or CME eruptions and a few

precursors that provide then important diagnostic information about the in-

tensity, location, onset time, etc. of the expected flare eruptions in the next

1/6/12/24/48 hours. Regretfully, the precision of these forecast methods is not

accurate enough for operational purposes (e.g. for satellite operators, GPS or

other communication network operators, military or civilian stakeholders, like

governments, etc.). Therefore, our objective is to develop a new type of measure-

ment for the description of non-potentiality of an AR by using the SOHO/MDI -

Debrecen Sunspot Data (SDD) catalogue. Sunspots are discrete entities instead

of the continuous magnetic field distributions of the magnetograms as they are

locations of high flux densities (umbrae), therefore, they are presumably the

dominant components of the flare processes.

In this study, we focus on the pre-flare behaviour of the horizontal gradient

of the LOS component of the magnetic field between two opposite polarities,

in order to find indicative features and values even up to days before a high

energetic GOES flare (<M5) occurrence. The aim is to find signatures for the

expected flare onset time and also for the expected flare intensity. We propose

two methods which analyse the horizontal gradient of the LOS component of

the magnetic field in a �-spot. The first method focuses on the largest value

of the horizontal gradient of the LOS of magnetic field between two opposite

magnetic polarity umbrae in a �-spot. The second method takes into account

all the opposite magnetic polarity umbrae within the �-spot.

The first proxy is called the horizontal gradient of the magnetic field (G
M

).

This G
M

proxy measures the magnetic field gradient between positive and neg-

ative polarity umbra-pairs and is defined as
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G
M

=
|B

p

· A
p

� B
n

· A
n

|
D

=
|�|
D

. (3.1)

Here, the positive and negative magnetic field values (B
p

and B
n

) are obtained

by Eq. 2.6. The quantities A
p

and A
n

are the umbra areas at a D distance

between the two opposite polarities. � is the total unsigned magnetic flux of

the two umbrae.

The G
M

method was first introduced during my PhD period. It quickly

came out this method strongly depend on how the SAM program package con-

tours up the umbrae on the observation series of an AR. Therefore, we proposed

and introduced the generalisation of the G
M

proxy.

In the second method, we assume that the underlying process(es) driving

a flare is a collective one between nearby umbrae in a �-spot. This new proxy

parameter is called as weighted horizontal magnetic gradient (WG
M

), which is

defined to account for this collective behaviour:

WG
M

=

���
P

i

B
p,i

· A
p,i

�P
j

B
n,j

· A
n,j

���

D
pn

=
|�|
D

pn

. (3.2)

Here, B
p

and B
n

are also determined by Eq. 2.6. The quantity A denote

the area of an umbra. The indices p and n denote positive and negative polari-

ties, i and j are their running indices in the selected �-spot. D
pn

is the distance

between the area-weighted centers of two subgroups of opposite polarities in

this cluster. � is, again, the total unsigned magnetic flux associated with the

�-spot.

The measured values of the G
M

and WG
M

proxies are converted to SI

units: Wb/m. We consider these two quantities as possible proxies of non-

potentiality at the photospheric level. Both quantities have the following ad-

vantages in comparison with the quantities which are defined directly from the

magnetogram data. By tracking the pre-flare variations in real-time they are

useful to have an as quick tracking procedure as possible, and, the above G
M



3.2. PRE-FLARE DYNAMICS OF THE MAGNETIC FIELD GRADIENT -
CASE STUDIES 38

and WG
M

quantities only need the determination of the area and distance

data of some selected umbrae what may need just a couple of minutes with a

moderate compute background. The other advantage is that the correction for

center-limb variation is much more straightforward and reliable for geometric

data than for magnetic data while the calibration formula by Eq. 2.6 can (and

probably should) be improved in the future.

But, before we apply the G
M

and WG
M

methods, we need also to define

what criteria an AR has to satisfy for the methods to be applicable to it. The

flare should have been released no further than�40� to the East from the central

meridian (in order to see its precursors). The entire targeted pre-flare variation

should have taken place within �70� and +70� from the central meridian.

3.2 Pre-flare Dynamics of the Magnetic Field

Gradient - Case Studies

For case studies to demonstrate the methods, some energetic events have been

selected to follow the development of the horizontal gradient of the LOS compo-

nent of the magnetic field and to test the viability of the suggested approaches.

To demonstrate the G
M

and WG
M

methods, we analyse two representatives

flaring ARs: AR 10017 and AR 10488. The two selected ARs, as case stud-

ies, produced numerous flares (see Appendix A.1 for the details), but only

those cases are considered in the present work which are stronger than M5.

We assumed that the most intense flares are in connection with the location

of the strongest magnetic gradient and the variation in this region has been

followed. This assumption is based on the finding of Schrijver (2007), that

“large flares, without exception, are associated with pronounced high-gradient

polarity-separation lines”. Such an area is very often a �-spot.

Figure 3.1 visualises the AR 10017 (a) and AR 10488 (b) in their white-

light appearance from the Debrecen sunspot data catalogue (see more details
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(a)

(b)

Figure 3.1: Continuum images from SOHO/MDI - Debrecen Sunspot Data
(SDD): a) AR 10017 on 2nd July 2002 at 23:59 UT; b) AR 10488 on 29th Oct.
2003 at 01:35 UT. Credit: http://fenyi.solarobs.csfk.mta.hu/
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Figure 3.2: Reconstruction image of AR 10017 from SDD on 2nd July 2002 at
23:59 UT. The red/blue circles illustrate positive/negative umbrae. The black
circle indicates the �-spot where the G

M

and the WG
M

applied.

Figure 3.3: Similar to Fig. 3.2 but this is a reconstruction image of AR 10488
from SDD on 29th Oct. 2003 at 01:35 UT.
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about the catalogue in Chapter 2). Figs. 3.2–3.3 are their corresponding syn-

thetic polarity drawing in their heliographic coordinates system. Here, the red

and blue circles illustrate the positive and negative polarity umbrae. The area

size of a umbra is correspond to the value of the corrected umbra area (CU)

from the SDD. Furthermore, based on the SDD catalogue, the investigated area,

where the G
M

and WG
M

methods are applied, is emphasised by a black circle,

as a �-spot.

In the case of two ARs, the resulting diagrams of the G
M

and WG
M

methods are shown in Figs. 3.4–3.5, respectively. The left-hand side of the

Figs. 3.4–3.5 shows the key ingredients of the G
M

analyses. The right-hand

side of the Figs. 3.4–3.5 shows the features of the WG
M

analyses. In Figs. 3.4–

3.5, we depict the pre- and post-flare evolution of G
M

and WG
M

(top panels),

and, we also plot the D and D
pn

as a function of time (middle panels). In the

bottom panels of Figs. 3.4–3.5, we show the temporal variation of the unsigned

magnetic flux (�) in the selected area. The errors of the measured parameters

are marked with shaded grey, and, the onset time of the investigated flare is

indicated by the perpendicular blue line in Figs. 3.4–3.5, respectively.

3.2.1 NOAA 10017

First, let us investigate the AR 10017. This AR produced an X1.5 flare on

July 2, 2002 02:08 UT and a further M5.3 flare on July 2, 2002 20:10 UT.

The cartoon of the active region in Figure 3.2 shows the selected area, which

contains opposite polarity umbrae. This is the area where we apply the G
M

and WG
M

methods from 30th of June to 4th of July to reveal typical pre-flare

behaviors to develop a new flare prediction method.

• G
M

method: The first dominant characteristic is an increasing phase of

G
M

proxy up to a maximum value (Gmax

M

=2.5·106 Wb/m). After its

maximum value, the G
M

starts to decrease and at about 8 hrs later,

it ends with the X1.5-class flare, followed 18 hrs later with an M5.3-
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Figure 3.4: Diagrams: variations of G
M

/WG
M

distances and flux amounts
(a/b panel) in black circle in Fig. 3.2.

class energetic flare. This pre-flare increasing-decreasing phase of the

G
M

quantity for visualisation purposes is enhanced by an aqua ”inverted

V-shape” in Fig. 3.4a. However, note that, the D parameter does not

show any meaningful behaviour during the investigated period. The D

parameter only strongly vary during the study period. Here, the evolution

of the � is similar to the G
M

.

• WG
M

method: Similar to the G
M

method, we can recognise a steep rise,

maximum (WGmax

M

=2.7·106 Wb/m) and a gradual decrease of the WG
M

proxy to the X1.5 flare (WGflare

M

=2.2·106 Wb/m) and after to the M5.3

flare (WGflare

M

=2.1·106 Wb/m). This pre-flare behaviour is also high-

lighted by an aqua ”inverted V-shape” in Fig. 3.4b.
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Next, regarding the D
pn

parameter, interestingly a new pre-flare behavior

pattern appears between 30th of June, at ⇠18:00 UT and 2nd of July

⇠06:00 UT. This new pre-flare behavior could be interpreted as a signature

of converging-diverging motion between the area-weighted barycentres of

the positive and negative polarities prior to the flares. This converging-

diverging phase is now represented by the red parabolic curve in Fig. 3.4b.

The parabolic curve is fitted from the starting time of the converging phase

to the end of the diverging phase, taking its minimum at the moment of

diverging the closest position of the two barycenters derived from the

minimum point of the data. Furthermore, the � parameter has a similar

evolution than the WG
M

rising phase and decreasing phase, like in the

case of G
M

method.

3.2.2 NOAA 10488

Let us now introduce the AR 10488, as another example. This AR was the

cradle of two X-class flares (X2.7/X3.9) on November 03, 2003 at 01:30/09:55

UT. Fig. 3.3 shows the study area of the G
M

and WG
M

methods. We analyse

AR 10488 for the period between 29th of October and 4th of November.

• G
M

method: Here, we can also recognise the following pre-flare properties

of the WG
M

: (i) The rising phase and a maximum value of the G
M

(Gmax

M

=3.4·106 Wb/m) is followed by a less decrease which ends with

X2.7 and after that with the X3.9 energetic flares. The identified pre-flare

behavior is also highlighted by an aqua ”inverted V-shape” in Fig. 3.5a.

The D and � parameters are strongly varying at the beginning of the

studied period, between 29th and 31 of October.

• WG
M

method: Here, the WG
M

shows the same pre-flare behavior what

we identified in the previous cases. TheWG
M

starts to increase from 03:00

UT on 31st of October to a maximum value (WGmax

M

=6.0·106 Wb/m), fol-

lowed by a less steep decrease which ends with an X2.7 (WGflare

M

=3.1·106
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Wb/m) and is succeeded by another X3.9 (WGflare

M

=2.3·106 Wb/m) en-

ergetic flare. Like in case of the previously analysed AR 10017, the

converging-diverging pre-flare behaviour of the D
pn

parameter is also evi-

dent here. The associated pre-flare behaviour is also enhanced by the red

parabolic curve in Fig. 3.5. The converging-phase of the D
pn

is about 48

hrs. The elapsed time is ⇠52 hrs from the minimum point of the fitted

parabola to the onset time of the X2.9 flare. This pre-flare behavior of

the D
pn

parameter is much longer than in the case of AR 10017. Last but

not least, the evolution of the � parameter is similar to the WG
M

before

the two X-class flares.
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Figure 3.5: Diagrams: variations of G
M

/WG
M

distances and flux amounts
(a/b) in black circle in Fig. 3.3.
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3.3 Statistical Studies of the Variations by the

GM method
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Figure 3.6: Relationships between the characteristics of flux gradient variations
and the strengths of the produced flares: growth rate (a) and the achieved
maximum (b). The x-axes show the maxima of flare intensities in the 1-8 Å
wavelength range. Credit: Korsós et al. (2014)

We investigated 57 ARs with the G
M

method. In the all case studies, only

the G
M

proxy shows a typical pre-flare pattern. Therefore, the following prop-

erties of the pre-flare variations of the G
M

method may be worth considering

for further statistical investigations: i) at the beginning there is a rising phase

ii) culmination at a peak and iii) all these followed by decrease for several hours

up to the flare. The majority of the analysed flare cases are between M5 to

X2.2. The presented pre-flare behaviour of the G
M

are also recognisable before

flares weaker than class M5 but the applicability of the method rapidly weakens

toward less intense flares. Therefore, the sample contains a few exceptions, five

M4.x cases, these were singular events in the given umbra groups. The aim of

these requirements is that the tracked variation of G
M

can unambiguously be

rendered to a specific flare event.

Figure 3.6 shows the relationships between the strengths of the produced

flares and the following pre-flare characteristics: the growth rate (panel a) and
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Figure 3.7: Inverse plot of the Figure 3.6b, the intensities of the produced
flares in the 1-8 Å wavelength range with respect to the maximum value of the
gradient. Credit: Korsós et al. (2014)

the maximum value of the flux gradient (panel b). Instead of the GOES-

classification, the strengths of the flares are scaled in watts/m2 on x-axes of

Figure 3.6. We found that the relationship with the growth rate (Figure 3.6

a) is weak, because the correlation coe�cient (R2) is only 0.27. However, the

relationship between the strength of the investigated flare and the maximum of

the G
M

proxy has a stronger correlation with R2 = 0.51. In order to obtain

more suitable information for the applicable connection between these quanti-

ties, the inverse relationship of the b panel is plotted in Figure 3.7. The gain

equation of the regression line between the strength of the flare (Sflare) and the

maximum of the G
M

proxy (GMax

M

) can be written as

Sflare = a ·GMax

M

+ b (3.3)

a = 2.7 · 10�11 ± 0.4 · 10�11 (Watts/m2)/(Wb/m)

b = 3.4 · 10�5 ± 0.7 · 10�5 Watts/m2

Next, we further studied the distribution of the flare onset times after the

maximum value of G
M

, see Figure 3.8. We found that the distribution shows

that in half of the cases the flares erupt within 10 hours after the maximum of

G
M

. From this study, we conclude that one could estimate the expected flare
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Figure 3.8: Distribution of time delays between the achieved maximum of
magnetic flux gradient and the flare onset in the 57 cases examined. Credit:
Korsós et al. (2014)

intensity from the maximum value of G
M

by Equation 3.3, and, the estimated

flare would be expected within 10 hours.

3.4 Diagnostic potentials with WGM method

The linear relationship between the maximum value of G
M

preceding a flare and

the peak intensity of flares is confirmed for WG
M

method in Fig. 3.9. However,

here, we extend the empirical analysis for flares up to X4 classes to investigate

more multiple flare cases. Therefore, now 45 single flares (crosses, left panel

a) and with 16 largest of multiple flares (circles, right panel) show a linear

relationship between WGmax

M

and the corresponding GOES flare intensity. We

could use this relationship for the estimation of expected largest flare intensity

(S
flare

) of the AR:

Sflare = a · log(WGmax

M

) + b, (3.4)
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a = 3.58 · 10�11 ± 0.38 · 10�11 (Watts/m2)/(Wb/m)

b = 0.08 · 10�5 ± 1.38 · 10�5 Watts/m2.
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Figure 3.9: GOES intensity of flares as function of the maximum WG
M

. The
left (a) diagram shows the intensity of single solar flares (crosses) that occurred
after the maximum WG

M

. The right (b) diagram depicts, in addition, the flares
(circles) with largest intensity within an 18-hr interval after reaching WGmax

M

.
Credit: Korsós et al. (2015b)

Furthermore, this WG
M

method revealed a further important connection.

This connection is between the durations of converging-diverging motion of the

centers of opposite polarities. This intriguing pattern was found in all 61 cases

investigated here, not as in the study of G
M

. The question arises, whether there

is a relationship between the duration of the converging motion (the duration

from the moment of the first point when the distance began decreasing to the

moment of the minimum point of the parabolic curve) and the time elapsed

from the moment of minimum distance until the flare onset (duration of the

diverging motion and the follow-up time until the flare onset). To determine

these two-time intervals for each flare, parabolic curves were fitted to their

distance data.

Figure 3.10 gives further insight into the relationship between these inter-

vals by plotting the time from the moment of minimum distance to the flare

onset as a function of the duration of converging motion. First, the Fig. 3.10b
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Figure 3.10: Upper panels: a) The converging-diverging pattern with a
parabolic fit to the data for AR 8771 (see Korsós et al. (2015b)). b) Rela-
tionship between the durations of converging and diverging motion for all 61
flares. Crosses (45)/circles (16) indicate single/first of multiple flares. Please
note that apparent number of point visible may not be 45/16 in the plots be-
cause there are overlapping data points. Lower panels: Duration of diverging
motion until flare onset as function of duration of the compressing phase of mo-
tion of opposite polarities. The study area is younger (c)/older (d) than three
days. Credit: Korsós et al. (2015b)

diagram depicts the duration of diverging motion as function of the duration

of converging motion for the 45 single (crosses) and 16 multiple (circles) flare

cases. Note that the duration of diverging motion is shorter than the time

period from the moment of minimum distance to that of the flare onset (see

Fig. 3.10c-d). However, the converging-motion phase and the diverging-motion

phase have the same duration. It is worth recalling here that Yamada (2010)
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found similar properties in laboratory reconnection experiments, and called it

the ”push and pull-mode” behaviour. The present observations are, under solar

atmospheric conditions, a confirmation of the laboratory experiment.

The lower diagrams Fig. 3.10 plot the time from the moment of closest

position to the flare onset as a function of the duration of the converging motion

phase. In the cases of multiple flares, we investigated the time from the moment

of closest position to the first flare onset as a function of the duration of the

converging motion phase. The c/d panel of Fig. 3.10 contains those cases

when the umbra groups are younger/older than three days at the time of flare

onset. The regression lines of the two cases are, surprisingly, di↵erent in these

two cases. By estimating the time the magnetic fields younger than three days

should be distinguished from the older ones, the relevant formulae are given in

the lower panels of Figure 3.10. One may be able to estimate an approximate

onset time of the flare. Note the considerable dispersion. If the study area is

younger than three days then about a mere hour is needed to be added to the

duration of the corresponding scaled duration of converging motion, where the

scale-factor is 1.3 for younger ones, to obtain the flare onset time. However, if

the area is older than three days then the scale-factor is 0.85, and one needs to

add 12 ±3 hours to the scaled duration of converging motion.

Next, a relationship is found between the values of WG
M

at its maximum

prior to flaring (WGmax

M

) and at the time of flare onset (WGF lare

M

), as visualised

in Figure 3.11. We investigate separately the 45 cases when only a single flare

took place after the maximum of WG
M

, and the 16 cases when more flares

erupted after the maximum within an 18-hour window after the flare occurring

on the decreasing phase of the WG
M

. Figure 3.11a depicts the cases of single

energetic flares (crosses). Figure 3.11b depicts the first flares (circles) of those

ARs where multiple flares are produced. The plots are interpreted as follows: a

single flare erupts when the WG
M

decreases by more than half of the WGmax

M

,

in the pre-flare phase. This is likely due to the fact that the magnetic energy in

the region decreases so significantly during this first flare that there is simply

not enough energy left to release another flare. In that case, if the decrease
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is smaller than half by the onset of the first flare, some further flaring may be

expected. The percentage di↵erence (WG%
M

) was calculated between the value

of WGmax

M

and the first value of the WG
M

after the flare peak time (WGflare

M

).

In brief, we found the following: ifWG%
M

is over 54%, no further flare of the same

class or above would be expected; but, if WG%
M

is less than ⇠42%, further high

energetic flare(s) is probable within about an 18-hour window. The meaning of

this statement is that the disturbance of this first flare could be forcing opposite

polarity fields together in the solar atmosphere leading, for example, to the

‘homologous’ flaring that is often observed. The homologous flares concern a

series of solar flares taking place repetitively in the same active region with

essentially the same position and with a common pattern of development.
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Figure 3.11: The weighted horizontal magnetic gradient at flare onset WGF lare

M

as function of the maximum of the weighted horizontal magnetic gradient prior
to flare WGmax

M

. a) Cases of a single flare; b) first events of multiple flares after
WGmax

M

. Credit: Korsós et al. (2015b)

3.5 Discussion

In this Chapter, we discussed how the two introduced proxies (G
M

and WG
M

)

measure the horizontal gradient of the LOS magnetic field within a �-spot.

These two introduced solar flare prediction methods seem to raise new aspects
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of the pre-flare conditions. The study is based on photospheric white light

sunspot data catalogues, because the sunspots are discrete entities of magnetic

field measurements, but they are also high flux densities. Therefore, they are

one of the most e�cient components of flare processes.

First, G
M

is applied between single umbra-pair with opposite polarities

in a �-spot of ARs and provides key information about the most important

properties of an imminent flare: its intensity and occurrence time. We identified

pre-flare patterns of the G
M

proxy quantity: increasing phase, maximum and

gradual decrease prior to flaring. A linear relationship was found between the

pre-flare G
M

maximum and the largest flare intensity class of the AR (Eq. 3.3).

Next, the occurrence time estimation was found to be somewhat less precise,

for the most probable time of flare occurrence being between 2-10 hrs after the

G
M

maximum.

However, we present advancements in the classification of pre-flare condi-

tions with the WG
M

proxy, which take into account all the opposite magnetic

polarity umbrae within �-spots. First, we found that the pre-flare behaviour

of the WG
M

exhibits similar patterns to those found with the single umbra-

pair method: rising phase, maximum and gradual decrease until the flare onset.

Next, Figure 3.9 corroborates the relationship, between the maximum of WG
M

and the largest flare intensity. Here, this relationship is modelled as a linear one,

however, the dispersion is considerable and theoretical (e.g. numerical) mod-

elling may be necessary to confirm or refute this relation. There may be a yet

unknown physical parameter, therefore not accounted for, that would reduce

the dispersion. This is the reason for restriction on the currently considered

GOES classes. However, the relationship found can be still regarded to be a

link between the proxy measures of the free energy and the released energy. A

shortfall of the single umbra-pair method was that the relationship between the

G
M

maximum value and the above X2.x flare energy was not reliable (see e.g.

case of AR 10488). This is now rectified by the introduction of the weighted

horizontal magnetic gradient. The umbra-group method is now capable of pro-

viding a rough estimate of the expected largest flare intensity from WGmax

M
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(Fig. 3.9). In addition, this method also gives a better estimate of the expected

time of flare onset (Fig. 3.10), and, may be able to predict whether an ener-

getic flare after WGmax

M

is the only flare or further flare events can be expected

(Fig. 3.11).

Let us assume that WG
M

is a proxy of the available non-potential (i.e.

free) energy to be released in a umbra group. The percentage di↵erence (WG%
M

)

was calculated between the value of WGmax

M

and the first value of the WG
M

after the flare peak time (WGflare

M

). In brief, we found the following: if WG%
M

is

over 54%, no further high energetic flare would be expected; but, if WG%
M

is less

than ⇠42%, further high energetic flare(s) is probable within about an 18-hour

window. This result allows us to track the variation of the energy balance of

ARs and to assess the probabilities of consecutive flares and their intensities.

Last but not least we provide some notes on the estimate of the onset

time of an imminent flare. Here, its determination is refined. The first method

only presented statistics that 60% of observed energetic flares are between 2-10

hrs after the maximum of G
M

. Figure 3.10, however, allows a much stronger

statement on the expected time of onset due to WG
M

. The figure uncovers the

relationship between the duration of the converging motion of opposite polarities

(their compression) and the time elapsed between the closest position and flare

onset following the diverging motion (see Yamada, 2010). By determining the

duration of the converging motion the flare onset can now be assessed for all

cases. We also found that the data points of the motions of younger umbra

groups have smaller dispersion (Fig. 3.10c).



Chapter 4

Characterisation of the level of

mixed states of ARs

Abstract

Several attempts have been made to find reliable diagnostic tools to determine

the pre-flare and related Coronal Mass Ejection (CME) state in solar active re-

gions (ARs). In this section, two pre-cursor parameters are introduced: (i) the

sum of the (daily averaged) horizontal magnetic gradient G
S

(G
DS

) and (ii) the

separation parameter S
l�f

. We define the characterisation of the level of mixed

states by the two pre-cursor parameters, which is carried out using the SDD

for 116 flaring ARs. We calculate the conditional flare probabilities (CFP) for

di↵erent flaring classes. At the end, we also examine the association of flares

with the occurrence of slow/fast CMEs. This chapter is based on Korsós and

Erdélyi (2016).

54
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4.1 Classifications of morphological complex-

ity

The present work demonstrates the usefulness and tests the introduction of dif-

ferent pre-defined parameters characterising the level of mixed states of ARs

by estimating their conditional probabilities before the onsets of flares (also

presented as a single-case pilot study in Korsós et al. 2015a). The probabil-

ities presented here are conditional upon already knowing that the AR being

considered will definitely flare. This is a result of data selection criteria being

applied so that only flaring ARs have been included in all of our analysis, with

similar selection quotas being used for ARs that produced at most B-/C-class

flares, at most M-class flares, and at most X-class flares. The first suggested

complexity parameter and its derivative, denoted by G
S

and its daily average

G
DS

, respectively, is the generalisation of the G
M

proxy in Chapter 3. G
S

is the

sum of G
M

taken at every 96 minutes for all umbra-pairs of opposite polarities

within a group, while G
DS

is actually the daily average of the sum of G
M

.

The sum of the horizontal magnetic gradient is:

G
S

=

������

X

i,j

B
p,i

A
p,i

� B
n,j

A
n,j

d
i,j

������
, (4.1)

and the daily average of the sum of G
M

is:

G
DS

=

������

X

i,j

B
p,i

A
p,i

� B
n,j

A
n,j

d
i,j

������
, (4.2)

where, B is the mean magnetic field determined by f(A) in Chapter 2.

A is the area of umbra. The indices p and n denote positive and negative

polarities, i and j are their running indices in the entire sunspot group and d

is the distance between two opposite polarity umbrae.

The second proposed complexity parameter of this study characterises the
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separation of opposite polarity subgroups defined by:

S
l�f

=
d
lc�fc

2
qP

A
g

/⇡
. (4.3)

Here, l and f refer to the leading and following polarities. A
g

represents

the total area of the sunspot group. The numerator denotes the distance be-

tween the area-weighted centres (therefore the index c) of the umbrae of leading

and following polarities. The denominator is the diameter of a hypothetic circle

whose area is equal to the total area of all umbrae constituting the sunspot

group.

To test and demonstrate the informativeness of formulae (4.1) - (4.3), we

selected three typical ARs with di↵erent levels of complexity. Of course, the

method is consecutively applied to a much larger dataset of SDD, containing

116 ARs samples which produced di↵erent intensity flare(s) with or without

an associated CME covering the years of MDI operations, from 1996 to 2010.

Since, we prefer to use a homogeneous catalogue we opted for this time interval

for the investigation presented as SDD only covers this period. In the future, we

would expand the examination including other catalogues (e.g. the SDO/HMI

- Debrecen Data, known as HMIDD1).

First of all, we introduce three typical ARs which cannot be distinguished

very well using the Mount Wilson classification. The AR 10693 is a beta-gamma

magnetic region which means that it is bipolar, and, a continuous line can be

drawn between the positive and negative polarities. AR 10375 and 10486 are �-

�-� magnetic configurations. This latter classification means that the sunspot

group is su�ciently complex, having within the penumbra opposite polarity

umbrae. Let us now turn to our approach: Figure 4.1 depicts AR 10693 (left

panel), a clearly bipolar structure, where the opposite polarities are well sep-

arated; next, AR 10375, is an example of a medium-level of polarity mixture

(middle panel), and finally AR 10486 (right panel) has numerous very large

1http://fenyi.solarobs.unideb.hu/ESA/HMIDD.html
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NOAA 10693 NOAA 10375 NOAA 10486

Figure 4.1: Snapshots of NOAA AR 10693, AR 10375 and AR 10486. Top
panels: white-light images; middle panels: reconstructions of the ARs from the
SDD data; bottom panels: SOHO/MDI magnetograms. Credit: Korsós and
Erdélyi (2016)

flares and is highly mixed. In each panel, that cover the same spatial extent,

the top image is the white-light snapshot of the corresponding active region,

the bottom images are their magnetograms, respectively, where all these obser-

vations have been made by the SOHO/MDI instrument. The middle panels of

Fig. 4.1 demonstrate the synthetic polarity drawing of the sunspot group which

is reconstructed from the SOHO/MDI Debrecen Sunspot Data catalogue. The

middle images are cartoons reconstructing the relevant active regions by using

the data of position, area and mean magnetic polarity (separately for umbra and

penumbra) of the individual spots. These cartoons may visualise well the com-

plexity level of the sunspot polarity distributions. Generally, black and white

(and their shades) stand for polarity distinction. Black and white circle are for

umbrae. Often much larger, shaded circles represent penumbrae occasionally

containing even a mix of positive and negative (i.e. black and white) polarities

(for more details see the Debrecen Heliophysical Observatory website2).

2http://fenyi.solarobs.unideb.hu/ESA/explanation/20130104-005854.20/20130104-
005854.20 11641 w.html
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Figure 4.2: The evolution of G
S

, G
DS

and S
l�f

parameters of NOAA AR 10693
(left), AR 10375 (middle) and AR 10486 (right). Pre-flare evolution of G

S

(upper row), G
DS

(middle raw) and S
l�f

(lower row) are shown. Credit: Korsós
and Erdélyi (2016)

Let us now analyse these typical ARs by applying to them the above

introduced complexity parameters. Figure 4.2 shows the variation of G
S

, G
DS

and S
l�f

. The pre-flare behaviour of G
S

(top row) or G
DS

(middle row), and

S
l�f

(bottom row) are rather di↵erent for these typical ARs. They demonstrate

a correlation with the level of complexity of polarities. At first sight, G
S

(and

G
DS

) may seem to become larger in time in all cases, therefore, one may expect

stronger flare intensity. However, at closer inspection, for the bipolar AR 10693,

the actual values of the G
S

(/G
DS

) are rather low. The G
S

(/G
DS

) parameter(s)

for the medium-level of polarity mixture, i.e. for AR 10375, is (/are) higher than

their counterpart(s) in the bipolar case, but still lower than their counterpart(s)
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for AR 10486 with highly mixed polarity. Let us keep in mind these trends. It

is worth noting, however, that the fluctuation of G
S

is too strong. Thus, it may

be advisable to use G
DS

instead of G
S

for flare and CME forecast.

Next, the diagrams of S
l�f

(bottom row) show variations which have a

much smoother character than that of the G
S

(/G
DS

). In the quiet, bipolar case

the magnitude of the separation parameter S
l�f

is notably higher than (thresh-

old value of; we come back to this later) three. In the moderately complex case

S
l�f

is lower than three. Finally, in the most mixed case the values of S
l�f

would be around unity or less. We may, therefore, conclude that the higher the

value of the separation parameter (i.e. S
l�f

) the more bipolar the character of

the sunspot group. If S
l�f

is low it may mean that the corresponding subgroup

is mixed. In summary, so far, we suggest, the two proposed complexity param-

eters (G
S

[/G
DS

] and S
l�f

) may also be tracked as a function of time during the

development of sunspot groups.

The featured examples indicate that if we track these two parameters

(G
S

[/G
DS

] and S
l�f

) during the evolution of sunspot groups then we may be

able to conclude with some conditional likely hood (that still needs to be deter-

mined) whether the two parameters are capable of predicting flares. The next

sections examine exactly these capabilities.

4.2 Flare pre-cursored by consecutive daily vari-

ation of GDS and Sl�f

To test the conditional flare probability (i.e. CFP) of the variation of the daily

average of the sum of G
M

and the separation parameter, we have carried out

statistical studies on a selected sample of 116 ARs. Selection criteria were that

about a third of the selected ARs produced only B- and C-class flares and the

other 1/3-1/3 each showed M- and X-class flares, respectively. The considered

S
l�f

quantity is (often with just a few minutes deviation) from 24, 48, and 72
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Figure 4.3: Dependence of the highest-intensity flare of ARs on S
l�f

(left col-
umn)/ G

DS

/ (right column) in logarithmic scaling. The upper panels refer to
data taken a day before, the middle/lower panels two/three days before the
flares occurred. The black crosses refer to flares that occurred without CME
and the coloured circles indicate flares associated with CME. The colour bars
denote the value of the linear speed of associated CME. Credit: Korsós and
Erdélyi (2016)

hours before flare onset. We calculate the daily average of the sum of G
M

in

0-24, 24-48, and 48-72-hour intervals before the flare event.

The left panels of Figure 4.3 show the dependence of the highest-intensity

flare on the separation parameter in logarithmic scaling. S
l�f

has been de-

termined from the moment of first available observation of sunspot groups by

using the SOHO/MDI-Debrecen Data catalogue (recall, SDD provides sunspot

group data with a cadence of 1.hrs). The power law correlation suggests that if

log(S
l�f

) is smaller than about 0.47, i.e. there is a higher concentration of mag-

netic polarities, then we may expect flare intensity above M-class flare intensity
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levels as compared to lower class flares when the value of log(S
l�f

) is larger

than ⇠0.47 (see the upper left panel) before a day of flare onset. We can draw

a similar conclusion even at two days before a flare occurs but in less reliable

ways than within 24 hours. Furthermore, we cannot make a reliable conclusion

earlier in time because (e.g. preceding flare onset by three days) as the data

becomes very scattered (see bottom panel, left row). We have not fitted a linear

regression to log-log data taken at three days before flare occurrence, because

the scattering of these data is too large.

The right panels of the Fig. 4.3 show the relationship between the highest-

intensity flare of ARs and the daily average of the sum of G
M

in 0-24, 24-48

and 48-72-hours intervals before flare onset. Unfortunately, the fluctuation of

G
S

itself turned out to be often too large during even as short as one day (see,

for example, AR 10486) prior to flare onset, therefore one may not be able to

draw a firm conclusion statistically even within an interval of a preceding day.

Instead, we suggest here, as a better proxy, to apply the daily average of the

sum of the horizontal magnetic gradient (G
DS

) as concluded from following the

evolution of G
DS

(see the upper and middle panels of Figure 4.2). In a first

approximation, it is easier to track the daily average of the sum of the horizontal

magnetic gradient because of the smoothing of the data. It appears, G
DS

may

also be able to yield a quick (and more practical) estimate of intensity of the

expected flare on the preceding days of flare onset, since G
S

itself may rise or

fall in time faster than S
l�f

(see Figure 4.2). Similarly to the case of the S
l�f

,

we found a power law relationship between G
DS

and the GOES intensity of the

largest flare produced in the considered time interval. (Fig. 4.3 right column,

top/middle panels). The linear regression is a better fit to log-log data fit a day

(or two) before flare onset. We may draw the conclusion that one may provide

an estimate on the flare intensity one or even two days before the expected

onset time, but it is almost impossible to do so 3 days earlier (see right lower

panel of Figure 4.3).

Next, Fig. 4.4 depicts the relationship between the intensity of the first

flare within the highest-intensity flare-class produced by the ARs and S
l�f

(/G
DS

).
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Figure 4.4: Dependence of the intensity of first flare within the highest-intensity
flare-class produced by the ARs on S

l�f

(left column)/G
DS

(right column) in
logarithmic scaling. The upper/middle/lower panels are 1/2/3 days before the
flare occurs. The black crosses refer to flares that occurred without CME and
the coloured circles indicate flares associated with CME. The colour bars denote
the value of the linear speed of associated CME. Credit: Korsós and Erdélyi
(2016)

If the most intense flare was e.g. an X-class flare of the AR then we selected

the first X-class flare that occurred for further study. If the most intense flare

was e.g. M-strength in the AR then we chose the first M-intensity flare that

happened first in the AR. We applied the same process for C- and B-class cases

as well. Similarly to the case of the most intense flares, we found from the linear

correlation that when log(S
l�f

) is smaller than approximately 0.47 then ⇠80%

of these flare cases are above M-class in the 48-hour interval. In this latter case,

the G
DS

also shows a power law relationship with the first highest-intensity

flare produced in ARs at 0-24 (and 24-48)-hours interval before the flare onset.
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The correlation coe�cient a day before (R2 = 0.52) is much stronger than that

of two days in advance (R2 = 0.38).

Based on the above analysis, it is worth mentioning that the similar-

ity is not surprising between Figs. 4.3 and 4.4, because we studied the same

level of the GOES flare intensity class in the same AR with the two di↵er-

ent/complementary approaches.

4.3 Flare pre-cursored by three-hour time steps

of GS and Sl�f

In order to test the newly introduced pre-cursor parameters in relation to anal-

yse the pre-flare state of ARs, we now study the variation of G
S

and S
l�f

overarching a period of three days prior to flare. Here, we will also determine

the conditional percentage probability of flare activity for each observed GOES

class. After a number of trials and errors, we arrived at determining three suit-

able bands of G
S

and S
l�f

parameters applicable a day before flare onset. The

bands are statistically predicted by the power law correlations found for the

case of the highest-intensity flare of ARs (see Fig. 4.3, top panels). Note that,

earlier studies have estimated the probability of flare occurrence in a 24-hour

window after obtaining active region observations (e.g. Bloomfield et al., 2012),

which di↵ers from the work considered here by including time windows with no

flares occurring. Further, the choice of the highest-intensity flare gives a good

approximation of which flare-class may be expected. We estimated, from the

power law correlation (see the left upper panel of Fig. 4.3), that if S
l�f

is smaller

than ⇠1 then one can expect X-class flare(s) with a high probability. Also, if

the separation parameter is between ⇠1 and ⇠3 then energetic flare(s) of M-

class could happen. If S
l�f

is between ⇠3-⇠13 then flare event(s) with intensity

C-class may take place (see Fig. 4.3) with a reasonable probability. We carried

out another test employing G
S

as well. If 5.5log(G
S

)6.5, 6.5log(G
S

)7.5,

and, 7.5log(G
S

), it was found that in those intervals C, M and X-class flare
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intensity are expected, respectively (see the right upper panel of Fig. 4.3).
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Figure 4.5: Conditional flare probability, CFP, of S
l�f

: The figures show the
probability of flaring as a function of time. The reference point of the x-axis is
the preceding 72 hours counted from flare onset. The left column is for cases
with highest-intensity flare of ARs and right column is for the case of the first
flare within the highest-intensity flare-class. The red/green/blue are probability
of X-/ M-/ C-class flares. The upper/middle and lower panels are S

l�f

1; 1
S

l�f

 3 and 3 S
l�f

 13 intervals. Credit: Korsós and Erdélyi (2016)

In what follows, for the two approaches outlined in Section 4, i.e. for the

case of the highest-intensity flare and for the one of the first flare within the

highest-intensity flare-class produced by the ARs, we followed what percentage

of all investigated flares are with X, M and C-class intensity within the above

specified band of S
l�f

and G
S

at every three-hours interval. In this respect,

we examine the behaviour of CFP by using S
l�f

and G
S

parameters. Figs. 4.5

and 4.6 show how CFP varies in time prior to flare onset. In the Figs. 4.5
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S
l�f

1 1 S
l�f

 3 3S
l�f

 13
Intensity class Time int. [h] Highest First Highest First Highest First

X
0-24 0.85 0.73 0.28 0.25 0.06 0.05
24-48 0.89 0.7 0.24 0.24 0.08 0.07
48-72 0.82 0.65 0.22 0.23 0.12 0.08

M
0-24 0.15 0.27 0.46 0.49 0.29 0.27
24-48 0.11 0.3 0.43 0.48 0.33 0.3
48-72 0.18 0.35 0.43 0.48 0.4 0.33

C
0-24 0 0 0.26 0.26 0.65 0.68
24-48 0 0 0.33 0.29 0.59 0.64
48-72 0 0 0.35 0.29 0.48 0.59

Table 4.1: Summary table of the conditional flare probability, CFP, of S
l�f

for
the case of the highest-intensity flare (Highest) and for the one of the first flare
within the highest-intensity flare-class (First) produced by the ARs.

and 4.6 the red/green/blue symbols represent probability of X-/ M-/ C-class

flares in specified bands of S
l�f

and G
S

at three consecutive hours in a 72-hour

interval before the investigated flare onset. In general, one can say, that within

a given interval for each parameter the CPF values do not change radically. So,

we could estimate the lower limits of CFP using the two approaches (i.e. the

highest-intensity flare and the first flare within the highest-intensity flare-class)

if we summarise the average percentage from Figs. 4.5 and 4.6 in the defined

intervals by the two parameters in 0-24, 24-48 and 48-72 hours prior to flares.

These actual numerical evaluations of Figs. 4.5 and 4.6 are given in a concise

summary format, Tables 4.1 and 4.2.

From the Table 4.1 and Fig. 4.5 one may conclude as follows. If the S
l�f

parameter is smaller than one the conditional probability of the highest flare

being X-class, assuming it occurs, is about ⇠80% between 0-48 hours before

flare(s) onset. The CFP of M-class flare(s), on average, is ⇠20%. Finally, the

strongest flare-class to be C-class has practically nil probability. Next, if S
l�f

is between 1 and 3 then the average CFP is about 45% for an M-class could

be the strongest flare intensity. For X-class it is ⇠25% and for the C-class it

is ⇠30% in the preceding 0-48 hours interval. If the separation parameter is
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Figure 4.6: Conditional flare probability, CFP, of G
S

: The figures show the
temporal variation of conditional probability of flare activity. The left/right
column is for highest-intensity flare/the first flare within the highest-intensity
flare-class of ARs. The red/green/blue are conditional probability for X/ M/
C flares in terms of GOES classification. The upper/middle and lower panels
depict data for 7.5log(G

S

); 6.5log(G
S

)7.5 and 5.5log(G
S

)6.5 bands.
The reference point of the x-axis is the same as that of Fig. 4.5 Credit: Korsós
and Erdélyi (2016)

between 3 and 13, likelihood of the most energetic class may be the C-class, on

average, is ⇠65%. For M energetic class it is only ⇠30%, and, for the X-class

it is ⇠5%.

Next, let us follow the CFP of G
S

to draw some conclusions, with the help

of Fig. 4.6 and Table 4.2, on the occurrence probably of highest-intensity flare-

class. If 5.5log(G
S

) 6.5, the highest-intensity flare-class may be the C-class

with a CFP, on average, ⇠65% within the 0-48-hour interval. The probability
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7.5log(G
S

) 6.5 log(G
S

)  7.5 5.5 log(G
S

)6.5
Intensity class Time int. [h] Highest First Highest First Highest First

X
0-24 0.79 0.69 0.26 0.23 0.06 0.03
24-48 0.88 0.71 0.23 0.19 0.04 0.06
48-72 0.95 0.65 0.21 0.22 0.06 0.04

M
0-24 0.19 0.18 0.43 0.44 0.28 0.32
24-48 0.11 0.2 0.49 0.43 0.24 0.37
48-72 0.04 0.25 0.55 0.49 0.23 0.34

C
0-24 0.02 0.13 0.31 0.33 0.67 0.66
24-48 0.02 0.09 0.28 0.38 0.72 0.57
48-72 0.01 0.1 0.24 0.29 0.71 0.63

Table 4.2: Summary table of the conditional flare probability, CFP, of G
S

for
the case of the highest-intensity flare (Highest) and for the one of the first flare
within the highest-intensity flare-class (First) produced by the ARs.

for the M-class, on average, is ⇠30% and for the X-class there is a minimal

likelihood. If 6.5log(G
S

)7.5 then M-class could be the strongest intensity

with a higher probability (on average is ⇠45%) than for the C-class (⇠30%).

For the X-class, however, the CFP is ⇠ 20% on average. If log(G
S

) is larger

than 7.5 within 48 hours prior to flare, then X-class flare(s) may occur there

is a CFP with around 75%. Note that ARs do not produce X-class flare(s) if

13S
l�f

and log(G
S

)5.5. If S
l�f

1 and 7.5log(G
S

) then there is above 75%

CFP of the major even(s) to be X-class before 48 hours to flare(s) occurrence.

4.4 On linear velocity estimation of CME using

GDS and Sl�f

In the next step, let us now study the connection between the linear velocity of

the CME associated with ARs and the two complexity parameters introduced

earlier (G
DS

and S
l�f

). We are aware of which flares occurred with (or with-

out) CME from the combination of GOES, LASCO and SDD catalogues. We

identified which flare associated with CME by GOES and LASCO catalogues.
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Also, for better identification, we cross-check the position angles of CMEs and

source ARs of the flares from SDD catalogue. Next, we establish the CME

linear velocity. If a flare does not have CME, the black crosses indicate zero

speed on Figures 4.3 and 4.4. Based on the generally accepted CME classifica-

tion (Webb and Howard, 2012) and on the CME SCORE Classification System

(Evans et al., 2013) we draw a boundary between slow (500 km/sv
lin

1000

km/s) and fast (1000 km/s v
lin

) CMEs. We found that 22 flares out of 116

occurred with fast CME and 94 events are associated with slow or no CME in

the highest-intensity flare cases. In the case of the first flare within the highest-

intensity flare-class produced by the ARs 18 flares out of 116 happened with fast

CME and 98 events show slow or no CME. For the same reasons as in Section

5, let us, analyse the two upper panels of Figures 4.3 and 4.4. The two upper

panels of Figures 4.3 and 4.4 clearly support that a fast CME may occur when

log(S
l�f

) is smaller than 0.4 and the value of log(G
DS

) is larger than about 6.5

a day before the estimated flare onset time.

Next, Figure 4.7 demonstrates that one may establish a connection be-

tween S
l�f

and G
DS

with a linear fit in logarithmic scaling. We determined

how many ARs are those when log(S
l�f

) is smaller than 0.4 and concurrently

log(G
DS

) is larger than about 6.5 in cases of (i) the highest-intensity flare of

ARs and (ii) the first flare within the highest-intensity flare-class produced in

the ARs. Interestingly, it was found that all flares with fast CME events be-

long to the domain bounded by log(S
l�f

)0.4 and log(G
DS

)�6.5 (this region

is highlighted by a gray square in Fig. 4.7) a day before flare onset. It is also

fair to say that if a day before log(S
l�f

) is larger than a threshold value, 0.4,

and log(G
DS

) is smaller than another threshold, i.e. about 6.5, there is no ac-

companied fast CME. However, about 25% of flares with fast CME were not in

the grey range two/three days before the events. Thus, we suggest these newly

introduced parameters may be able to provide more accurate further informa-

tion on flare activity (and productivity) of ARs only a day before flare onset.

In addition, we also demonstrate that under certain conditions a flare could be

accompanied with a fast CME that may be predicted a day or even 2-3 days
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Figure 4.7: Relationship between S
l�f

and G
DS

in logarithmic scaling in the
case of the highest-intensity flare (left column)/the first flare within the highest-
intensity flare-class is produced in the ARs (right column). The upper panels
are distributions 1 day before, the middle panels are 2 days and lower panels
are 3 days before the flare occurs. The gray square represents the interval
log(S

l�f

)0.4 and log(G
DS

)�6.5). Note that v
lin

of CME is the same CME
speed representation as in Figs. 4.3 and 4.4. Crosses/coloured circles refer to
flares associated without/with CME. Credit: Korsós and Erdélyi (2016)

before flare onset. In the two cases, i.e. the highest-intensity flare/the first flare

within the highest-intensity flare-class produced by the ARs, we also examined

what portion of all flares with fast CME fall into the range of log(S
l�f

)0.4 and

log(G
DS

)�6.5. We found that ⇠30% of flare events occurred with fast CME(s)

within this range of [S
l�f

,G
DS

].
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4.5 Summary and Result of Sl�f and GS meth-

ods

The two suggested complexity parameters, i.e. the sum of the horizontal mag-

netic gradient (G
S

) (and its daily averaged derivative, i.e. G
DS

) and the

separation parameter (S
l�f

) are potential indicators of the measures of non-

potentiality of the magnetic fields of sunspot groups. These parameters may be

suitable new prediction indicators besides the traditional (e.g. Zürich, McIn-

tosh, Mount Wilson) classification schemes that are characterised by alpha-

numerical parameters based on morphological data of sunspots and their mag-

netic fields. The newly defined parameters seem to be viable, as demonstrated

by testing them with the currently available most detailed sunspot database,

the SDD sunspot catalogue (Baranyi et al., 2016).

Qahwaji and Colak (2007) developed a similar-purpose automated tool

based on the McIntosh classification for flare forecast, however, an advantage

of the above presented methods is that the flare and CME risks can also be

assessed directly from the values of S
l�f

and G
S

(/G
DS

) without the need of

classification.

The sum of the horizontal magnetic gradient (G
S

) is a quantity similar to

the so-called e↵ective connected magnetic field (B
eff

) analysed by Georgoulis

and Rust (2007). The B
eff

method developed by Georgoulis and Rust is based

on magnetograms. Our method, however, employs sunspots white light and

magnetic data. Sunspots are discrete units instead of the continuous magnetic

field distributions of magnetograms, and, they are locations of high flux den-

sities. G
S

and B
eff

are determined for all umbra-pairs of opposite polarities

within ARs and they both characterise the magnetic complexity of ARs. Lower

limits of these parameters identify when it is unlikely to expect major flare(s) in

proceeding time intervals. If B
eff

is less than 250/750G then M/X-class flare(s)

cannot occur; if B
eff

is larger than 1600/2100G then there is a high probabil-

ity for the occurred M/X-class flare(s) before 12 hours of onset. Here, we also
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estimate lower and upper boundaries of G
S

before 48 hours of onset. When

log(G
S

) is smaller than 5.5 then ARs do not seem to produce X-class flare(s)

and if 7.5log(G
S

) then the conditional flare probability of X-class flare(s) is

⇠75% in the subsequent 48 hours.

Guo et al. (2006) examined the so-called e↵ective distance (d
E

), whose

meaning is comparable to that of our separation parameter introduced in this

work. However, instead of sunspots they have derived the e↵ective distance from

magnetograms. In their study, the centers of the leading and following parts are

computed as the flux-weighted centers of two opposite polarity regions from the

magnetograms, while we derive this from photospheric intensity data. Guo et al.

(2006) found that d
E

is a quantitative measure of the McIntosh classification,

therefore, it gives a good correlation between the magnetic complexity of ARs

and flare class/CME-speed in 24 AR cases. We also found a good relationship

between S
l�f

and flare class/CME speed in 116 AR cases. Nevertheless, we hold

further advantage of the present separation parameter because S
l�f

provides

limiting values and conditional flare probability for flare and CME forecast (see

below).

We propose that the application of the two parameters (S
l�f

and G
S

)

may be complementary to other forecast methods. Here, we calculated the

conditional flare probability (CFP) of G
S

and S
l�f

for a period of three days

prior to event sampled in every three hours, to determine the probability of flare

activity using the two approaches (i.e. the highest-intensity flare and the one

of the first flare within the highest-intensity flare-class produced by the ARs).

If S
l�f

1, there is ⇠80% CFP of the flare being X-class in the following 2

days. If 1S
l�f

3 then M-class flare(s) could be the highest-intensity increase

(on average ⇠45%). If 3S
l�f

13 the C-class flare(s) may be the main flare

intensity class with ⇠65% likelihood in the coming 48 hours.

We also estimated the CFP of G
S

, and can draw the following conclusions:

if 5.5log(G
S

)6.5 then there is about ⇠65% CFP that C energetic class flaring

may be the largest flare intensity in the following 2 days. If 6.5log(G
S

)7.5
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then the chances for M-class could be the expected highest intensity with about

⇠45% for the coming 2 days. Finally, if the log(G
S

) is larger than 7.5 then the

CFP of X-class flare(s) to develop is about ⇠75% within 48 hours. Importantly,

we emphasise that: (i) X-class flare(s) do not occur if 13S
l�f

and log(G
S

)5.5;

(ii) the above-mentioned CFP are indeed lower limits.

The two parameters, introduced here, can also be used parallel for CME

forecast but, unfortunately, the quick fluctuations of G
S

itself do not seem to

allow to choose this proxy as a single parametric value for forecast in a practical

and simple way. Therefore, we suggest to determine its daily average of sum

of horizontal magnetic gradient, i.e. G
DS

. Moreover, S
l�f

and G
DS

should be

actually tracked simultaneously together in order to estimate the linear speed of

a CME. Flares with accompanying fast CMEs (i.e. 1000 km/s  v
lin

) are only

found within 24 hours when log(S
l�f

)0.4 and log(G
DS

)�6.5. It is also worth

mentioning that in only ⇠30% of all evens is the flare associated with fast CME

in the range of log(S
l�f

)0.4 and log(G
DS

)�6.5, therefore, we need to search

for additional precursor(s) of the slow/fast CMEs. So, if log(S
l�f

)�0.4, and

log(G
DS

)6.5, there is no accompanied fast CME in the following 24 hrs.

A reliable forecast procedure is unlikely to be based on a single physi-

cal quantity. An accurate variation of probability should include simultaneous

parallel methods (and parameters) to which the above suggested two proxies

may be helpful, among (or complementary to) other methods. In the future,

we would like to automate the identification of the weighted horizontal mag-

netic gradient applied by Korsós et al. (2015b). Therefore, here, we seek to find

more reliable forecast parameters which could narrow down the identification

of larger intensity flaring ARs with an associated fast CME.



Chapter 5

Conclusions and Future Work

Abstract

The main scientific aims of this thesis are to develop, apply and critically assess

a better measure for predicting eruptive non-potentiality in solar active regions

(ARs) by utilising the space-borne SOHO/Debrecen Data (SDD) sunspot data

catalogue to find unique signatures for the expected time of the onset of flares

and also for their intensity. In this last Chapters, the results of each of the

investigations presented in this thesis (Chapters 3-4) are summarised and con-

cluding remarks with a brief future outlook are made.

73
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5.1 Background

The interaction of solar activity with the Earth’s atmosphere occurs through a

complex series of events called Space Weather. The main quest of solar activity

research is to understand more clearly the causes and the underlying dynamics

of Space Weather phenomena in order to protect mankind and our sophisti-

cated technosphere that might be at considerable risk from high-speed charged

particles and/or the associated radiation bursts often abruptly blowing o↵ the

Sun. The continuous flux of solar particles suddenly increases in the upper

atmosphere of Earth when a high-intensity (e.g. above M5-class) solar flare

associated with a massive plasma ejection labelled as Coronal Mass Ejection

(CME), reaches our planet. These, most energetic eruptions of the entire Solar

System follow the 11-year solar cycle hinting towards their magnetic solar ori-

gin. At the peak of the cycle, several dangerously high-intensity class flares and

CMEs may occur (i.e. even up to around monthly 2-3). Most solar flares and

CMEs originate from magnetically complex active regions (ARs) encompassing

sunspot groups.

Some of the high-energy flares, which are facing towards the Earth, can

cause long-lasting radiation storms in the Earth’s upper atmosphere, and trigger

serious radio blackouts. However, when an associated CME hits the Earth’s

upper atmosphere, this interaction may also result in dramatic consequences

for a number of ground- (pipelines, power lines) and space-based infrastructures

(telecommunication, GPS). These societal assets and services are vital to the

economic welfare and security of every citizen but may be subject to failure due

to solar activity, as it has indeed happened in the past (e.g. Quebec, Canada

su↵ered an electrical power blackout in 1989). Major international funding

bodies, e.g. NASA, NSF or the EU’s Horizon 2020, have it all high-priority

on their research strategy agenda to predict Space Weather and protect us

from Space Weather events reliably and accurately in our era of human space

exploration.

The magnetic energy that fuels solar flares and CMEs is provided by the
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electric current-carrying component of the AR magnetic field, built-up grad-

ually only to be released impulsively in eruptions (Priest and Forbes, 2002;

Fletcher et al., 2011). The components of the electric current density cannot

be observed directly. Therefore, recent research has focused on the pre-cursive

indirect observable signatures of these currents and the associated stored free

magnetic energy (known as signatures of non-potentiality) to identify diagnos-

tically reliably the pre-flare/CME properties (see for more details Section 1.5).

5.2 Making a novel step ahead in flare forecast-

ing

During my PhD period, I have worked on the development of our own new

prediction method by employing the SOHO/MDI - Debrecen Sunspot Data

(SDD) sunspot data to find unique signatures for the expected time of the onset

of flares and also for their intensity. In order to address these aims, specifically,

we investigated the pre-flare dynamics and the related physical processes at the

solar surface by SDD (Baranyi et al., 2016).

Our aims are achieved by the objective of developing a new type of measure

of magnetic non-potentiality by employing a range of sunspot data, while most

earlier flare forecasting methods are based on AR magnetograms. Sunspots are

discrete entities instead of the continuous magnetic field distributions of the

magnetograms (see for more details Section 1.5). However, the sunspots them-

selves are identified as strong positive and negative magnetic polarity elements.

They are loci of high flux densities, so they are presumably the dominant com-

ponents of the flare processes. Especially, flares take place where the polarity

inversion line (PIL) is formed. The PIL is a boundary between the two polar-

ities in a �-spot, where the positive and negative polarity umbrae appear very

close together.

In the observations and numerical studies of the dynamics of ARs one
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often focuses on the changes in the magnetic fields near the PIL. Therefore,

we also analyse the pre-flare values and the behavior of the horizontal gradient

of the LOS component of the magnetic field in a �-spots in order to find and

identify indicative values of the imminent flaring behavior even up to two-three

days prior to the actual flare onset. We track the temporal evolution of the

horizontal gradient of LOS component of the magnetic field, as flare pre-cursors,

with about an hourly resolution, for predicting energetic flares.

First, our study (Korsós et al., 2014) identified the horizontal gradient

of LOS component of magnetic field (G
M

), a proxy measure of magnetic non-

potentiality at the photosphere. The G
M

is determined between two opposite

polarity umbrae in �-spot of ARs. The G
M

is investigated with the aim to iden-

tify unique pre-flare patterns and improve the prediction of the occurrence of

flare onset time. We have shown that the pre-flare behaviour of this proxy quan-

tity exhibited indeed characteristic and unique patterns: rising phase, maximum

value and a gradual decrease prior to flaring. The prediction method based on

the evolution of G
M

allowed us to elaborate on some of the most important

properties of an imminent flare; its intensity and the flare onset time. The pre-

diction of intensity is found to be more reliable, for a linear relationship found

between the pre-flare maximum of G
M

and the peak intensity emitted in the

1-8 Å range, according to Geostationary Operational Environmental Satellite

(GOES) x-ray measurements1. This result may also be considered to be an

indicator of the existing relationship between the proxies of free and released

energies. Next, the onset time prediction was found to be somewhat less pre-

cise, for the most probable time of flare onset being between 2-10 hours after

the G
M

maximum.

To make a leap further in developing Space Weather forecast capability

(and capacity), we generalised our prediction method. In Korsós et al. (2015b),

we introduced the concept of the weighted horizontal magnetic gradient, WG
M

,

where all umbrae are now taken into account for analysis in a �-spot. In Korsós

et al. (2015b), further two additional diagnostic tools were also introduced to

1http://www.ngdc.noaa.gov/stp/satellite/goes/dataaccess.html
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probe the pre-flare behavior patterns. These two new tools together withWG
M

,

greatly enhance the capability of the forecast, including:

• the accuracy of flare onset time prediction. This tool enables with greater

accuracy predicting the flare onset time, and is based on the relation-

ship found between the duration of diverging motion of the area-weighted

barycenters of opposite polarities until the flare onset and duration of the

compressing motion of the area-weighted barycenters of opposite polari-

ties. The barycenters are defined as the area-weighted center of gravity

of the positive and negative polarities.

• Whether a flare (stronger than M5 in terms of the GOES classification

scheme) is followed by another event within 18 hours. This second tool

developed by us, in brief, is a proxy of the available non-potential (i.e.

free) energy to be released in a sunspot group. In Korsós et al. (2015b),

we concluded: if the maximum of the released energy may be over about

54% of the accumulated (free) energy, no further energetic flare(s) can be

expected; but, if the maximum of the released flare energy is less than

about ⇠42%, further flares are more probable.

Nevertheless, similar to Korsós et al. (2014), we also found a linear rela-

tionship between the values of the maxima of the WG
M

and the intensity of the

flare(s). It is reasonable to conclude that this connection may provide useful in-

sights into the relationship between the accumulated free energy, represented by

WG
M

as a proxy measure, and the released energy represented by the highest

GOES-class in a set of homologous flares as another proxy measure.

The important properties of the WG
M

method discovered and outlined

above were found for flare(s) statistically (including estimates of the associated

conditional probabilities) with a very high confidence level, therefore, these

features may serve as useful and practical flare alert tools. The viability of

the relationship in terms of flare forecast capability was tested on a statistical

sample of 61 cases observed during the SOHO era.
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We also introduced two parameters characterising ARs for warning pur-

poses for pre-flare and CME prediction and follow-up monitoring with the

WG
M

-method.

5.3 Characterisation of the level of mixed states

of the ARs

Several attempts have been made to find reliable diagnostic tools to determine

the pre-flare and related Coronal Mass Ejection state in solar ARs. Many of

these attempts are based on estimating various physical quantities derived from

the magnetic configuration of ARs by using their magnetograms detected at

photospheric levels. The Debrecen sunspot catalogue, SDD allows us to define

numerical measures of the mixed states of sunspot groups with opposite polari-

ties. This work introduced and tested such measures by employing newly defined

parameters (Korsós and Erdélyi, 2016). Characterisation of the level of mixed

states, by comparing their temporal variations with the onset of flare-class and

the linear velocity of associated CME in the preceding 24, 48 and 72 hours,

was carried out. Here, we proposed the introduction of two potential pre-cursor

parameters: the sum of the horizontal magnetic gradient (G
S

) and the separa-

tion parameter (S
l�f

). We demonstrated in what capacity these new measures

may be able to yield useful characterisation of an AR that produces energetic

flare(s). These parameters may be suitable new prediction indicators besides

the traditional (e.g. Zürich, McIntosh, Mount Wilson) classification schemes

that are characterised by alpha-numerical parameters based on morphological

data of sunspots and their magnetic fields. The newly defined parameters seem

to be viable, as demonstrated by testing them with the SDD sunspot catalogue.

We proposed that the application of the two parameters (S
l�f

and G
S

)

may be complementary to WG
M

method. Here, we calculated the conditional

flare probability (CFP) of G
S

and S
l�f

for a period of three days prior to event

sampled in every three hours, to determine the probability of flare activity using
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THE ARS

the two approaches (i.e. the highest-intensity flare and the one of the first flare

within the highest-intensity flare-class produced by the ARs). We can draw

the following conclusions from applying the two approaches: If S
l�f

1, there

is above at least 70% CFP of the flare being X-class in the following 2 days. If

1S
l�f

3 then M-class flare(s) could be the highest-intensity increase (is more

than 45% ). If 3S
l�f

13 the C-class flare(s) may be the main flare intensity

class with larger than 60% likelihood in the coming 48 hours.

We also estimated the CFP ofG
S

, and arrived at the following conclusions:

if 5.5log(G
S

)6.5 then there is at least ⇠60% CFP that C energetic class flar-

ing may be the largest flare intensity in the following 2 days. If 6.5log(G
S

)7.5

then the chances for M-class flaring could be the expected highest intensity with

about ⇠45% for the coming 2 days. Finally, if the log(G
S

) is larger than 7.5 then

the CFP of X-class flare(s) to develop is above at least 70% within 48 hours.

Importantly, we emphasise that: (i) X-class flare(s) do not occur if 13S
l�f

and log(G
S

)5.5; (ii) the above-mentioned CFP are indeed lower limits.

The two parameters, introduced here in this Thesis, can also be used in

parallel for CME forecast but, unfortunately, the quick fluctuations of G
S

itself

do not seem to allow to choose this proxy as a single parametric value for forecast

in a practical and simple way. Therefore, we suggest to determine its daily

average, i.e. the sum of horizontal magnetic gradient, labelled G
DS

. Moreover,

S
l�f

and G
DS

should be actually tracked simultaneously together in order to

estimate the linear speed of a CME. Flares with accompanying fast CMEs (i.e.

1000 km/s  v
lin

) are only found within 24 hours when log(S
l�f

)0.4 and

log(G
DS

)�6.5. It is also worth mentioning that in only ⇠30% of all evens is the

flare associated with fast CME in the range of log(S
l�f

)0.4 and log(G
DS

)�6.5,

therefore, we need to search for additional precursor(s) of the slow/fast CMEs.

So, if log(S
l�f

)�0.4, or log(G
DS

)6.5, there is no accompanied fast CME in

the following 24 hrs.

A reliable forecast procedure is unlikely to be based on a single physi-

cal quantity. An accurate variation of probability should include simultaneous
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parallel methods (and parameters) to which the above suggested two proxies

may be helpful, among (or complementary to) other methods. In the future,

we would like to automate the identification of the weighted horizontal mag-

netic gradient applied by Korsós et al. (2015b). Therefore, here, we seek to find

more reliable forecast parameters which could narrow down the identification

of larger intensity flaring ARs with an associated fast CME.

5.4 Why our flare forecast is currently the best?

Recent space weather research has focused on the pre-cursive indirect observable

signatures of currents and the associated stored free magnetic energy (known

as signatures of non-potentiality) to identify diagnostically reliably the pre-

flare/CME properties (see for more details Section 1.5. Prediction methods

usually focus on finding a relationship between flare and/or CME eruptions

and a few precursors that provide then important diagnostic information about

the intensity, location, onset time, etc. of the expected flare eruptions in the

next 1/6/12/24/48 hours. Regretfully, the precision of these forecast methods is

not accurate enough for operational purposes (e.g. for satellite operators, GPS

or other communication network operators, military or civilian stakeholders,

like governments, etc.). However, our newly developed, proof-of-concept stage

flare/CME prediction methods have the potentials of substantial advancements.

According to our results, the uncertainty of our own intensity forecasting with

the WG
M

method is about a mere 20% and flare forecast can be 3-10 hours for

the next 48 hours. This is a considerable improvement in comparison with other

competing methods. Further advancement could be yielded once we combine

the WG
M

-method with the characterisation of the level of mixed states of the

ARs. Also, as these two methods are concurrently applied then we can develop

a quick and reliable flare and CME prediction operation method.
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5.5 Future plans

Based on the experience encountered during carrying out the research of Chap-

ters 3-4 a few future aims have emerged. The following two points outline some

directions for future improvements and further study:

1. In order to develop reliable flare and CME forecast methods we also pro-

pose to extend our investigations into 3D embracing a solar atmospheric

region from the photosphere into chromosphere and low corona. The ra-

tionale is that flares and CMEs actually occur higher up in the solar atmo-

sphere. If the above summarised methods in Sections 5.2-5.3 are applying

to the Interface Region and low corona in 3D, in order to identify the

optimum height for flare/CME lift-o↵ prediction in the solar atmosphere.

Here, we expect to considerably increase the forecasting capability, with

having massive practical implications relevant for flare and CME predic-

tion in our high-tech-driven world.

2. Recently, we also compared the WG
M

method with the widely applied

magnetic helicity flux �(= dH/dt)-method put forward in our paper Ye

et al. (2018). Our motivation is to search for how to relax the limitations of

applicability of theWG
M

method to eruptive ARs that do not have �-spot.

Namely, the �-method is applicable to any AR. Therefore, combining fea-

tures of the WG
M

method with the �-method may be more convenient in

certain cases because one would not have the restrictive �-spot criterion.

The helicity (H) itself is at the heart of several MHD relaxation theories,

with applications to e.g. flare and CME eruptions. The conservation of

H defines a constraint to the magnetic field evolution. Accumulation of

H above an upper threshold would result in non-equilibrium, eventually

ending up with the expulsion of the excess of H as e.g. a flare or CME.

We have preliminarily investigated and tested jointly the WG
M

and �

methods days a priori their eruptions in three ARs. There, we clearly

identified and confirmed a pre-flare behavior pattern of � itself, similar to
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one of the pre-cursor features of what the WG
M

method is based on. We

conjecture that this common pre-flare pattern yields a powerful new prac-

tical tool for estimating the flare onset time. This, on its own, is already

a promising initial progress when compared to other existing prediction

methods, and, will have impacts on Space Weather research if further

explored and validated.
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Appendix

A.1 Flare list of the two case studies in Chap-

ter 3

The solar x-ray flare data from the primary GOES satellite. The two tables

contain the following information:

• date of observation;

• the moments of the beginning of a flare;

• the peak time is taken as the minute of the peak x-ray flux;

• the end time;

• the flare energy ;

• the position (if it is available from the GOES catalogue);

• the NOAA number of the host AR.

83
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Date Start Peak End Time Class Position AR
30-Jun-2002 19:46 19:49 19:52 C1.7 S19W22 10017
01-Jul-2002 09:04 09:12 09:18 C1.6 10017
02-Jul-2002 19:46 20:01 20:09 C5.2 S19W46 10017
02-Jul-2002 20:19 20:31 20:41 M1.5 10017
03-Jul-2002 02:08 02:13 02:16 X1.5 10017
03-Jul-2002 13:23 13:30 13:32 C1.2 10017
03-Jul-2002 18:03 18:08 18:11 C3.0 10017
03-Jul-2002 20:00 20:10 20:21 M5.3 S19W62 10017
03-Jul-2002 23:18 23:25 23:32 C7.9 10017
04-Jul-2002 00:36 00:39 00:42 C2.8 10017
04-Jul-2002 01:24 01:29 01:34 C4.7 10017
04-Jul-2002 06:14 06:19 06:22 C2.8 S19W66 10017
04-Jul-2002 07:27 07:34 07:39 M1.1 10017
04-Jul-2002 10:08 10:13 10:17 C2.4 10017
04-Jul-2002 10:45 10:53 11:11 C2.6 10017
04-Jul-2002 13:26 13:34 13:50 C3.0 10017
04-Jul-2002 14:50 14:57 15:03 C7.1 S21W68 10017
04-Jul-2002 16:07 16:10 16:12 C2.2 10017
04-Jul-2002 18:34 18:50 19:00 C5.3 10017
05-Jul-2002 07:31 07:39 07:53 C2.6 10017
05-Jul-2002 13:10 13:26 13:37 M3.2 S19W82 10017

Table A.1: The list of flare events in AR 10017
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27-Oct-2003 14:02 14:11 14:21 C5.1 10488
27-Oct-2003 14:53 14:57 15:07 C5.7 10488
27-Oct-2003 21:46 21:51 22:05 M1.9 N08E09 10488
27-Oct-2003 23:12 23:17 23:22 C4.1 N10E10 10488
28-Oct-2003 00:41 00:45 00:48 C5.3 N08E08 10488
28-Oct-2003 08:35 08:39 08:44 C8.7 N08E04 10488
29-Oct-2003 18:10 18:13 18:17 C7.8 N08W16 10488
30-Oct-2003 01:56 02:07 02:29 M1.6 N08W22 10488
30-Oct-2003 12:45 12:51 12:57 C7.3 10488
30-Oct-2003 16:14 16:18 16:24 C5.7 10488
30-Oct-2003 18:30 18:36 18:43 C5.8 10488
31-Oct-2003 01:50 01:53 01:56 C5.5 N08W25 10488
31-Oct-2003 02:39 02:43 02:50 C5.0 N08W33 10488
31-Oct-2003 06:08 06:16 06:28 M1.1 N08W28 10488
31-Oct-2003 20:14 20:39 20:49 C5.1 N08W44 10488
31-Oct-2003 20:50 21:11 21:41 C9.5 N08W44 10488
01-Nov-2003 04:50 04:57 05:00 C5.6 N09W47 10488
01-Nov-2003 08:39 08:52 09:06 M1.3 10488
01-Nov-2003 11:31 11:45 12:04 C9.7 10488
01-Nov-2003 16:53 16:58 17:01 C4.4 N08W49 10488
01-Nov-2003 17:42 17:51 18:08 M1.1 N09W50 10488
01-Nov-2003 19:12 19:16 19:18 C3.5 N06W55 10488
02-Nov-2003 12:30 12:47 13:12 M1.8 10488
03-Nov-2003 01:09 01:30 01:45 X2.7 N10W83 10488
03-Nov-2003 09:43 09:55 10:19 X3.9 N08W77 10488
04-Nov-2003 10:11 10:22 10:33 M3.0 10488

Table A.2: The list of flare events in AR 10488
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Summary

The interaction of solar activity with the Earth’s upper atmosphere occurs

through a complex series of events called Space Weather. A main question

of solar activity research is to understand clearly the causes and dynamics of

Space Weather phenomena in order to protect mankind itself and our sophisti-

cated technosphere that might be at considerable risk from high-speed charged

particles and radiation blowing often abruptly o↵ the Sun.

During my PhD period, initiated a new series of studies, with the aim to

develop a more accurate flare prediction method by employing SOHO/MDI-

Debrecen Data (SDD) catalogue. Our two introduced proxies (GM and WGM)

are based on the calculation of the horizontal gradient of the line of sight com-

ponent of the magnetic field between two opposite polarities in a �-spot of ARs,

with about an hourly resolution, for predicting the above M5-class energetic

flares. New characteristic pre-flare behaviours, i.e. precursors, were discovered

by the GM and WGM proxies. These new precursors provide important di-

agnostic information about (i) the intensity and (ii) estimated onset time of

expected flare eruptions. These flare prediction method also gives information

about (iii) whether a flare, stronger than M5 in terms of the GOES classification

scheme, is followed by another event within 18 hours.

We also introduced two parameters characterising ARs for warning purposes

for pre-flare and CME prediction and follow-up monitoring with the above men-

tioned flare prediction method. One is the so-called daily average of the hori-

zontal magnetic gradient (GDS) and the other one is the separation parameter

(Sl�f ). These pre-cursor parameters seem to be useful in practice by means of

estimating the level of mixed states of opposite polarities in ARs. By inves-

tigating their temporal variations before 24 (or even up to 48) hours prior to

a flare event one can reliably assess (within errors) the risks of an associated

hazardous CME.



Összefoglaló

A Nap és bolygónk közötti folytonos kölcsönhatás egy sor komplex eseménysoro-

zatból tevődik össze melyet, összefoglaló néven, Űridőjárásnak nevezünk. Az

Űridőjárás fizikai hátterének megismerése és megértése mára már nélkülözhetetlen

ahhoz, hogy megvédjük az emberiséget és a részleteiben igen fejlett technoszférán-

kat a Napból időnként kitörő és jelentős kockázattal járó nagy energiájú sugárzá-

soktól, illetve, a nagysebességű töltött részecskeáramoktól.

A PhD tanulmányaim alatt egy olyan új előrejelző módszert fejlesztettünk ki,

mellyel követhetjük a �-t́ıpusú AR-ok fler előtti dinamikai változásait óránkénti

felbontásban fotoszférikus szinten a SOHO/MDI-Debrecen napfoltkatalógus ana-

ĺızise seǵıtségével. Az általunk bevezetett két új proxy paraméter (GM ésWGM)

követi a látóirányú mágneses tér horizontális gradiensének időbeli változását az

egymáshoz közeli, de ellentétes mágneses polaritású, umbrák között �-t́ıpusú

napfoltban a megjelenésük pillanatától kezdve egészen a fler kitöréséig. A két

újonnan bevezettet paraméter időbeli fejlődésének részletes elemzésével sikere-

sen azonośıtottunk új és egyben igen karakterisztikus fler előtti viselkedéseket,

azaz fler prekurzorokat. Rákövetkező statisztikai vizsgálataink alapján bizonyos-

sá vált, hogy ezek a fler prekurzorok alkalmasak megbecsülni a (i) várható

legerősebb flerkitörés erősségét és (ii) a várható flerkitörés eseménynek idejét az

M5-nél nagyobb erupt́ıv események esetén. Ezenḱıvül alkalmasak megbecsülni,

hogy (iii) vajon a rákövetkező 18 órában várható-e még M5-nél nagyobb erupt́ıv

esemény.

Ezenfelül, további két fontos előrejelző paraméter került bevezetésre, an-

nak érdekében, hogy előszűrjük azokat az AR-kat, melyek fejlődését érdemes

követni és rájuk alkalmazni a fent emĺıtett prognosztikai eljárást. Az első

bevezetett paraméter a látóirányú mágneses tér horizontális gradiensének napi

átlaga (GDS), mı́g a második a szeparációs paraméter (SL�F ). Ez a két előszűrő

paraméter karakterizálja az AR-k ellentétes mágneses polaritások keveredett-

ségének mértékét. A két paraméter nagyságának időbeli változása 24 órával

(vagy akár kisebb valósźınűséggel ugyan de akár 48 órával hamarabb is) képes



előre jelezni, hogy a várható nagy energiájú fler kitörés együtt fog-e járni egy

számunkra veszélyt jelentő CME kitöréssel vagy sem.
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