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1. Introduction

Research and interest in the field of space weather and sblaties is growing because of the
significance of their potential impact on human lives and a@s:ififhe term space weather is
applied to the space environment around the Earth and all the waySarth&pace weather is
defined as the “conditions on the Sun and in the solar wind, magnetqsigmesphere, and
thermosphere that can influence the performance and reliaffiyace-born and ground-based
technological systems and can endanger human life or health. Adeadigons in the space
environment can cause disruption of satellite operations communicatiovigatitan, and
electricity power distribution grids, leading to a variety ofiseconomic losses” [1] [2] [3]. In
the past, few solar activities have affected the Earth anddaosable damage. In March 1989,
power grids in north-east Canada collapsed during a great geomagoetiovhich left millions
of people without electricity [4]. Another large event occurred dutimg end of Ocober
beginning of November 2003 period, when the largest ever recorded Xaraydtcurred,
known as the Halloween solar storm. It damaged 28 satellites, kndalongut of commission,
causing airplane routes to be diverted and power failures in Swadautleer countries [5] [6].
Thus, there is an urgent need to develop preventative measures capaaacofg the risks
associated with space weather events, by introducing eithstearsgesign or efficient warning
and prediction systems [3] [7]. This will allow industriesiak to take preventave measures to
avoid or mitigate the consequences of these events. Space weaklseia activities are both
directly influenced by the Sun. As such it is important to sthdySun and its activities in order
to have a good underdanding of its influence on space weather [1].fl8odar are the most
remarkable solar activities which drive space weather andtdffe terrestrial enviromnent as
they spew vast quantities of radition and charged particles inte $8p[9]. Flares are defined
as sudden, rapid, and intense variations in brightness that occurs wineagthetic energy that
has built up in the solar atmosphere is suddenly released, ovepd lasting from minutes to
hours. Flares emit strong radiation such as radio waves, X-raygaamua rays, and energetic
particles (protons and electrons) [10]. Solar flares mostly docactive regions, as such, it is
important to study active regions in order to have a good underggaofdilares. Activeregions
are regions on the Sun usually form with sunspots, and they are studietti to forecast solar

activities. Solar active regions are associated with partiguttrong and complex magnetic
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fields, which emerge through the photosphere into the chromosphere and ddrignereates
suitable conditions for the release of enormous amounts of energg forth of solar flares.
Understanding this energy is important as it aids the predictisolaf eruptions, such as solar
flares as well as other solar activities.

The work presented here demonstrates recent developments in our oeffmitsyto design a
web-based, automatic and real-time system for predicting aadafting solar flares. Two new
models are introduced in this paper. Both models were executed dmiggsolar images
captured by MDI (Michelson Doppler Imager) instrument on board ofSG&IO (Solar &
Heliospheric Observatory) satellite [11]. The first model introdugenethod to calculate the
magnetic complexity in active regions and in the solar disk Her gurpose of solar flare
prediction. The magnetic complexity calculation model is based ofatheus physical Ising
model [12]. The Ising model has been modified to fit the nature ®faplication. The method
introduced here is the latest updated version, which is bettertfitieditate the property of the
magnetic fields connections in active regions. More details aheubriginal Ising model and
the earlier models can be found in our previous publications [13] [14]. nihgnetic
complexities were calculated for number of different groupsctif’e regions and solar disk
samples. Then, their values were plotted against flare evetteave occurred during the same
period and location. This has revealed a clear relationship betweeredbheled magnetic
complexities and flare events. The second model visualise thedsKaactive regions, and the
calculated magnetic complexity in 3D colour maps. This modebnstructs the studied
magnetogram image and represents it for 3D view. Also the ncadeView 3D colour map of
active regions according to their polarity or to the calculatednetic complexity. This can
identify the potentially eruptive regions. The models proposed in ther pdfer a new approach
to observe solar images for the purpose of solar flare prediction and forecasting.

This paper is organized as follows: solar data sources are indobdinicsection 2. Section 3
introduces the magnetic complexity calculation model and how ibéas used to calculate the
magnetic complexity in active regions and in the solar diskti®e 4 describes the 3D

visualisation model. Finally, the conclusion and future work is discussed in section 5.
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2. Solar Data

2.1. Satellite Images

SOHO/MDI magnetogram images have been used in this work. Tineges are captured by
MDI (Michelson Doppler Imager) instrument, which is on board the SO80lar and
Heliospheric Observatory) satellite. SOHO is a project efrndtional cooperation between ESA
(European Space Agency) and NASA (National Aeronautics andeSpdministration).
SOHO/MDI magnetogram images are available publically ohlineGIF format (Graphic
Interchange Format). The magnetogram images record rikeoflisight components of the
magnetic fields on the solar disk [15] as shown in Figure 1. Tinesges are used in this work
because they show the strength and location of the magnetic fielile @un, which makes
them well suited for magnetic complexity calculation method. Therearound 15 SOHO/MDI
magnetogram images available per day. Every two imagesepegated by approximately a 90
minute gap. This is beneficial for the use of the proposed models in terms of trihekoiganges
in the magnetic complexity values of the active regions inioalab flare occurrence. MDI
magnetogram images are in grayscale, where pixel intensatige from 0-255. The minimum
pixel intensity value represents black, while the maximuml pmtensity value represents white.
Each colour represents the magnetic polarity distribution on the dslla The gray areas
indicate regions with minimum magnetic energies, while the bdack white regions indicate
strong magnetic fields. The black regions indicate “south” magpetarity (pointing towards

the Sun), while white regions indicate “north” magnetic polarity (pointing outygt@s

2.2.NGDC Flare Catalogues

Solar flare catalogues obtained from the National GeophyBSiatel Center (NGDC) have also
been used in this work. These catalogues are available for pubtissaonline NGDC holds

one of the most comprehensive public databases for solar featurestaities records from

! http://soi.stanford.edu/production/maq qifs.html
2 ftp://ftp.ngdc.noaa.gov/STP/SOLAR DATA
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several observatories around the world. The NGDC flare everttogaés include full details
about flares, such as flare’s date, time, location, classificaintensity and NOAA number.
Flares are classified according to their X-ray brightnedslbsvs: A, B, C, M, or X. A and B
flares are the weakest, while M and X flares are the stsbn@dlares are weak in comparison to
M and X flares and they could have few noticeable impacts on sgather. M and X flares are
more related to major impacts on space weather, especialgres.f The NOAA number is a
unique number, for each active region, given by the National Oceamtc Atmospheric
Administration (NOAA). Using the NOAA number, flares can baegis=d to the active regions
that they have originated from. However, not all of the recordeddlare assigned to a NOAA
number. This could be related to the difficulty of assigning i fta the right active region,
especially during solar maximum when in some scenarios aetiyens could be attached to or
in a group of complex active regions, or the recorded flare miglat becurred on the far side of
the Sun.

3. The Magnetic Complexity Model

The idea of the magnetic complexity calculation model is basedeorelationship between the
energy stored in the magnetic fields of active regions and #awgsing from these regions. The
magnetic complexity calculation model is derived from the Isinoglel. The Ising model is used
for the analysis of magnetic interactions and structuresrajnfiagnetic substances [12]. This
model allows for the simplification of complex interactions, siftcéas been successfully
employed in several areas of science. The Ising model has beked aopmany physical
systems such as: magnetism, binary alloys, and the liquid-gestita [17]. The model was
also used in biology to model neural networks, flocking birds and bdagag cells [18] [19]
[20]. Between 1969 and 1997, more than 12,000 papers were published using thisnmodel
different applications, which shows the importance and potentialofrtbdel [21]. For the first
time, the Ising model has been modified and then applied to modptdperties of magnetic
fields formation in active regions and calculate the magnetigotexity of active regions. More
details about the original Ising model and the first attemptthefmodified model can be
obtained in our previous publications [13] [14]. However, further modifinat have been

applied to the model since the first attempts in modifying $heyimodel. To avoid confusion, it
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is worth mentioning that the “magnetic complexity” have alsonlexlared as the “energy” in
our previous publications. However, the new model imitates the magrmtfigurations in
active regions, which are the key factor in flare occurrengaroide more accurate results. The
calculated values should provide a new way to indicate the flaring and niog-fative regions,
or even flare classifications. Also, the magnetic complexatgutation model has been applied
to calculate the overall magnetic complexity on the sol: disis will provide a measure of the
overall magnetic activities on the front-side of the Sun, and trerefan be an important
indicator for flare occurrences in general.
SOHO/MDI magnetogram images are used in this work. The rt@gyaen images are processed
and represented in a 2D grid, according to pixel intensities. fiiaehvalue in the magnetogram
image is represented in the grid as follows:
» Pixel intensity values between 0 and 30 represenbltek areas in the image. These areas
indicate a south magnetic polarity and are represented as -1 in the grid.
» Pixel intensity values between 230 and 255 represenwltiite areas in the image. These
areas indicate a north magnetic polarity and are represented as +1 id.the gr
* Pixel intensity values between 31 and 229 represergrtyeareas in the image. These areas
indicate minimum magnetic energies and are represented as 0 in the grid.
The magnetic complexity is calculated using Equation 1, which taklgs the following values
as an input: +1 and -1. In the equati@nrepresents the north polarity areas only (+1), &nd
represents the south polarity areas only (-1). The magnédts freactive regions loop from the
positive magnetic fields to the negative magnetic fields. Tropgrty has been applied to the
calculation method. The multiplication goes only from the values septiag the positive
magnetic fields $i =+1) to the negative magnetic fieldSj(=-1), ignoring the weak polarity
areas (0) as shown in Figure 2, taking into consideration the distrimetween the interacting
spins.N is the number of the total spins (the size of the 2-D gHEd}. the total energy or the
magnetic complexity, and it is unit-less.

N SiS
E=—-Xi—5 @)
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3.1. Calculating the Magnetic Complexity in Active Regions

A number of image processing techniques are applied to the MDlaetoggam images, prior to

calculating the magnetic complexity in active regions. Theseeplures are summarized as

follows:

MDI magnetograms record the line-of-sight component of the miaginetls on the solar
disk. In this work it is important to have the magnetic fieldshaf MDI magnetogram
images represented accurately. Due to the projection effect, it wascihtat active regions
located near the solar limb were distorted and it was diffioulbserve and record the line-
of-sight component of the magnetic fields in these regions. Ratidm the solar disk is
less reliable because of the observing angle correction f&&prThis leads to inaccurate
representations of the active regions located near the solar limorder to resolve this
problem, the MDI magnetogram image has been re-mapped hsimgethod conducted in
[23]. The magnetogram image is re-mapped from Heliocentrice§lart coordinates to
Carrington Heliographic coordinates. Then, the solar disk is shifiethes investigated
active region located in the center of the image. This is @gnselecting the solar disk
image which has the active region under investigation locatedoomdizero longitude, in
order to use the active region time and location information afeeemee point in the
shifting process. Finally, the solar disk is re-mapped again tdodéeltric Cartesian
coordinates. The resulting image shows the solar disk is shiftetharadttive region under
investigation is located in the center of the image, as shown in Figure 3.

Despite the remapping process, it was noticed that sevena aegions located near the
solar limb were still distorted. Therefore, active regionstetabove 45° from the center of
the solar disk were discarded.

Most of the MDI magnetogram images used in this work includeshdom noise. Hence, it
was necessary to apply an image filtering method to reduceibe in these images. A (3 x
3) Median filter was applied for this purpose. This filter is gpidpular due to the excellent
noise reduction capability it can provide for certain types of ranumse [24]. An example
of an active region image before and after applying the medianiBltshown in Figure 4.
This means that the new algorithm is more likely to achiel&bie results because better

quality images are used.
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* The active region under investigation is detected and cropped liemmdgnetogram image

in order to calculate the magnetic complexity using Equation 1, as explaineoughgvi
A number of active regions candidates selected from differembdoerf times, during solar
minimum and solar maximum, were experimented with. The NOAA numbeérdate of these
active regions are:10308 08/03/2003-18/03/2003),10314 13/03/2003-18/03/2003),10365
20/05/2003-01/06/2003), 10482 17/10/2003-27/10/2003), 10484 17/10/2003-30/10/2003),

(10486 25/10/2003-03/11/2003), 10488 25/10/2003-03/11/2003), 10507 19/11/2003-

30/11/2003), 9393 24/03/2001-02/04/2001),10956 17/05/2007-21/05/2007). The calculated

magnetic complexity values for each of the investigated acig®mns were compared to the

flares that erupted from the same region, and they are both plgttestatime. As a conclusion,
these active regions have been classified according to themetimgomplexity values as
follows:

1. Non-Flaring Active Regions, Magnetic Complexity < 50hese active regions were
holding very low energy and occasionally were accompanied witlBflares. This can be
seen in region 482 as shown in Figure 5.

2. Steady Increase Regions, 500 < Magnetic Complexity < 1086dve regions within this
range usually had a gradual increase in their energy. Fatgpe C, M and X erupted as
the energy increased. Also, it has been noticed that flares @d@srgroups separated by
approximately 10 hours. This can be seen in region 365, shown in Figure 6.

3. Highly Energetic Regions, Magnetic Complexity > 10,008ese active regions were
holding very high energy, accompanied by high number of flares ef@yM and X. Also,
it has been noticed that erupted flares were separated bytiglointervals. This can be
seen in region 9393, shown in Figure 7.

Also, it was noticed that the number of flares increases asrtbgy (magnetic complexity)
increases. As a conclusion, these outcomes show a good indication tatéhef sictive regions

in relation to flare occurrences.

3.2.Calculating the Magnetic Complexity in the Solar Disk

On many occasions, especially during the solar maximum whenutimer of sunspots and
active regions is high, it is difficult to assign some of thgotad flares to the active regions that

they originated from. This is because either there are gup@mplex active regions adjacent
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to one other, or the flare might have occurred on the backside ofutheT8&erefore it is

important to have an indicator to reflect the overall status ofdls disk. Based on this, we are

introducing a new technique to calculate the solar disk magoatiplexity. The ideology of

this method is comparable to the solar cycle and it can be usksdetonining the overall solar

activities on the Sun, which could be useful for flare prediction. Ansamy of the method’s

processes is described below:

 The MDI magnetogram image is filtered using the Median filfdris is similar to the
approach explained in section 3.1.

» The solar disk is detected in order to exclude the black areas around the disk.

* The magnetic complexity of the solar disk is calculated usiggation 1, as explained
previously.

This method has been experimented using MDI magnetogram imagrea oumber of months;

April 2001, June 2003, March 2001, March 2003, May 2003, May 2005, May 2007, November

2003, October 2003 and October 2004. The calculated values have been phitiet fleges
that occurred during the same period. A clear relationship can loecditween both curves in
the plots. As a conclusion, it was noticed that the number of flangseuecreases with the
increase of the solar disk magnetic complexity (energy), armdwdarsa. Some of the results are

shown in Figure 8, Figure 9, and Figure 10.

4. 3D Visualisation of the Magnetic Complexities on the Solar
Disk

A new tool has been developed using OpenGL (Open Graphics Library) prograsualise the
solar disk, active regions, and the calculated magnetic complexigrms of 3D colour maps.
The 3D colour maps offer a new approach to visualise activense@cross the solar disk
according to their polarities or to their magnetic complexifidss is very useful in terms of
identifying the potentially eruptive areas on the solar disk. \figwthe Sun in 3D is very
advantageous in comparison with the regular 2D images, as it offers differemigvestperience
i.e. zooming infout and navigating through the Sun and solar activitiss. iAbffers a better

viewing of solar activities located near the solar limb. Tod ts very constructive, it offers a
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new approach in visualising and investigating solar activities,itateh be used effectively in

the field of space weather research.

The OpenGL based tool reads a text file as an input, whichdeslthe properties of the

extracted features from the magnetogram image under inuestigihe steps that have been

undertaken to extract the required features are explained below:

The SOHO/MDI magnetogram image is converted to the Carringtehodtaphic
coordinates. Using the method employed in [23].

Active regions are detected from the Heliographic coordinate imagig intensity
filtering. The intensity filtering threshold valug for each image is found automatically
using Equation 2, whergy is the meang represents the standard deviation, ang a
constant that is determined empirically based on the type oéd#terés to be detected and

the images.
T, =ut(oxa) (1)

The value of the first threshold is determined using Equation (B)thét plus (+) sign and
equal to 2. All pixels that have intensity values larger thas ttiieshold are marked as
active regions with north polarity. In the same manner, the secorghdhaes determined
using Equation (2) with the minus (-) sign amequals to 2. Any pixel with intensity value
less than this threshold is marked as active regions with south polarity.

After detecting the pixels that represent active regions, tgnatic complexity values are
calculated using Equation 1 and represented as colours rangingefidmgreen. Where red
represents the highest complexity and green represents the lowest d¢ymplex

Then using Equation (3), 3D Cartesian coordinates of each pixellaslated. In this
equation,B is equal to latitudel. is equal to longitude of the detected solar pixel al

equal to the radius of the solar disk that the new data is mapped to.
x = 7 sin (B) cos (L)

y =rsin (B) sin (L) (3)

z= rcos(B)
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* All the calculated 3D coordinates of the pixels are recordeéxibfiles along with their
colour values and visualised using the OpenGL based 3D tool.
This tool has been tested on the same active regions that irathdlgeetic complexities values
investigated previously in section 3.1. The results of this modeharensin Figure 11 in three
groups: (A), (B), and (C), and they can be compared to the previouts reguch discussed in
section 3.1 and presented in Figure 5, 6, 7 respectively. Each groupiia Eigconsists of four
images. The first is a magnetogram image. The second imag&D colour map of the solar
disk which shows the active regions as white/gray areas, whigite represents the north
polarity regions, and gray represents the south polarity regionghifiémage is a 3D colour
map of the solar disk which shows the high magnetic complexiag aepresented as red colour
and the low magnetic complexity areas represented as greaur.cbhe red coloured areas
indicate a potential flare eruption location, while the green caloaeas indicate quite
locations. The forth image is a 3D wired view of the solar disk, whiows another view of the
third image.

5. Conclusion and Future Work

Two new models have been presented in this paper. The firstatafcthe magnetic complexity
in active regions and the solar disk. This model is based on the fghgsisal Ising model,
which has been modified to suit the properties of this applicationsdt¢wnd is to visualise the
solar disk, active regions, and the calculated magnetic complexitgD colour maps.
SOHO/MDI magnetogram images are used for this reseanth.Bodels have been developed
with C++ programming language and OpenGL software for 3D applicatAdes they have
been tested on different groups of samples selected randomly fifemermti time periods. The
obtained results reveal a relationship between the calculated ticagoeplexities in active
regions and the solar disk with flares. Also, the calculated magmehplexity values have been
represented in a 3D model in order to visualise the flaring regianthe solar disk. These
models demonstrate very significant findings and can be useful fmosolar imaging, space
weather and applied imaging in general.

The aim of our research is to develop an automatic, real-timewebnédased system for solar
flare forecasting. Currently, the models presented here cdarpein real time. However,
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further work will be carried out on large amount of data in ordestibésh the exact correlation
between the calculated magnetic complexities and flares in toréealuate the capability of the
model to accurately predict flare classes. This will beshgated using statistical or machine
learning methods. Also, the magnetic complexity model will begnmated with ASAP
(Automated Solar Activity Prediction). ASAP is an automatedrsiolgecasting system which
predict flares based on the sunspot’s McIntosh classification and area [25Vf2@lbla onliné.
This step will enable us to determine number of solar actiypieameters which are related to
flare events, such assunspot's Mcintosh classificationsunspots’ area, active region’s
magnetic complexityand solar disk magnetic complexityvhich can provide better flare
prediction. Finally, the 3D visualisation model will be updated sauit lze used to reconstruct
and represent other solar images i.e. SOHO/MDI Continuum im&gj€simages, etc., and
represent the solar features that are presented in these images.
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Figure 1. A sample of an active region showingittieraction between opposite
polarity areas according to the magnetic complexibdel. Each spin within the

white area (+) will be multiplied by all the spimsthe black area (-).

Figure 3. The three images above shows the re-mggages and how it affects an
investigated region. Image date: 2003.05.22 0632¢ion NOAA number: 365. (A) The
original magnetogram image in Heliocentric Cartesiaordinates. (B) The solar disk
represented in Carrington Heliographic coordinai€¥.The solar disk re-mapped and
represented in Heliocentric Cartesian coordinateswing the active regions under

investigation near the centre.

NOAA 10486 2003.10.30 00.00

Figure 4. An active region before (Left) and affeight) applying the 3 x 3 Median filter.
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Figure 5. The curve represents the energy (Mag@stiaplexity) of active region 482.Very

low energy and no flares were recorded within ggan.
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Figure 6. The curve represents the energy (Mag@stiaplexity) of active region 365. A
gradual build up in energy with flares occurredyesups separated by a period of time.
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Figure7. The curve represents the energy (Mag@etroplexity) of active region 9393. The

energy is very high, accompanied by a high numb#ares with short time interva
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Figure 8. This plot shows the solar disk energydmeic Complexity) and flares which

ocured in Octber 2003.
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Figure 9. This plot shows the solar disk energydMgic Complexity) and flares which

ocured in October 2004.
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Figure 10. This plot shows the solar disk energgpdghktic Complexity) and flares which

ocured in May 2007.
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(C) 29/09/2002 — NOAA 8393

Figure 11. For each group, the 1st image is a nagrem image, with the active regions
under investigation surrounded by a yellow squase reference point, so it can be
compared with the related images in the group. Xhemage present active regions in 3D
colour map. The'8image presents magnetic complexity regions. Thienage shows the

solar disk in the image in wired view.
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