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Introduction

According to solar observations of the last 400 years, the intensity of

solar activity cycles is quite variable. There was almost no solar spots

observed during the second half of the 17th century, the period of the

Maunder Minimum. On the other hand, our star showed unusually high

activity during the Modern Maximum since the 1940s. The end of this

period was indicated by the present Cycle 24. Besides sunspot numbers,

solar activity causes various further phenomena that modulate the in-

stantaneous space weather activity and the long term space climate in

the vicinity of the terrestrial space. Our modern civilization is highly af-

fected by these processes which makes solar activity prediction essential

on both short and decadal timescales.

In my dissertation, I present a forecast for the long term behavior

of the solar cycle and I detail some phenomena as well that limit the

predictability beyond one cycle. The research detailed here is relevant

as we are getting closer to the minimum of Cycle 24 and the �prediction

competition� of forecasting the strength and epoch of the next maximum

has already begun.

�Rogue� active regions in the 2× 2D dynamo model

During my PhD studies I investigated the impact of unusual bipolar

magnetic regions (BMRs) on the amplitude of the next simulated cycle.

It has been described in the literature that the tilt angle of active regions

(Joy's law) and the deviation of the tilt from its expected value repre-

sents a signi�cant uncertainty in the build up process of the polar �elds.

Knowing that the peak value of these �elds at cycle minimum is a good

predictor of the amplitude of the next cycle, in order to make reliable
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forecasts, it is crucial to explore the phenomena that in�uence the global

magnetic �elds on the Sun. It was also demonstrated that, besides de-

viations from Joy's law, individual BMRs with extreme properties also

have the potential to dramatically modify the polar �elds.

In collaboration with the Solar Physics Research Group lead by Paul

Charbonneau, I investigated the e�ects of such active regions using their

state-of-the-art 2× 2D dynamo model1. We termed active regions, that

have extreme parameters and, consequently, in�uence dramatically the

subsequent or even the ongoing cycles, �rogue� active regions. Our re-

search paper detailing the obtained results (Nagy et al., 2017) has al-

ready received several independent citations.

The details of the work and the obtained results are summarized in

the following thesis items.

Thesis 1: Extreme e�ects of rogue active regions

A single rogue BMR with unfavorable characteristics and ex-

treme �ux content has the ability to trigger a Grand Mini-

mum. In case of a boosting e�ect on the accumulating dipole

moment, a rogue BMR can also prevent the dynamo from en-

tering a Grand Minimum.

In the initial phase of the research, I identi�ed active regions in sim-

ulated databases that might have had a strong e�ect on the temporal

evolution of the dynamo.

Among the simulated cycles, I found a series that resembled the real

solar cycles 22-23-24 quite well. The amplitudes of cycles �22-23� were

almost identical but the dipole moment of cycle �23� was much weaker

compared to the previous cycle. Due to the lover dipole strength, cycle
1A. Lemerle et al. 2015, ApJ, 810; A. Lemerle and P. Charbonneau 2017, ApJ, 834
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�24� showed reduced activity compared to the preceding two cycles. This

is the result of the similarity between the model and the real solar cycle:

the peak of the dipole moment predicts quite well the amplitude of the

next cycle. In the next step, I analyzed the list of emerged BMRs,

seeking for active regions that emerged during cycle �23� which might

have been responsible for the reduced dipole amplitude. I found a BMR

disobeying Joy's law (anti-Joy region) that emerged very close to the

equator with high contribution to the dipole.

Eliminating this single �rogue� BMR from the simulation, the dipole

strength at the end of cycle �23� reached a much higher value, and cycle

�24� had a maximum amplitude that was double of the reference solution.

In addition, the polarity reversal of the dipole moment happened two

years earlier, and the duration of the minimum shortened as well. This

result suggests, in accordance with the results of other research groups,

that the weaker activity of the real Cycle 24 might have been the result

of one or a couple of rogue BMRs that emerged during Cycle 23.

I observed two more interesting phenomena, appearing spontaneously

in the model outputs. In one case, a strong anti-Joy region emerged

close to the equator, right after the cycle maximum. After the emer-

gence, the dipole reversed immediately, and the dynamo stopped after

a subsequent, weak cycle. This result shows that a Grand Minimum

state can be triggered by a rogue BMR emerging close to the equator

and disobeying Hale's or Joy's law.

The opposite case could be found as well. The dipole moment after

a weak cycle would not be strong enough to keep the dynamo in opera-

tion, but a rogue BMR in the vicinity of the equator, emerging at cycle

maximum, contributed favorably to the global dipole moment and saved

the dynamo from stopping.
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I inserted this rogue active region into a simulation where the dynamo

has been in a Grand Minimum for 60 years. The BMR immediately

restarted the dynamo which shows that a rogue region can not only

stop the operation of the system, but it also has the power to restart

it. In reality, the emergence of such a rogue active region would not be

expected during a period of low activity. On the other hand, the joint

e�ect of smaller active regions can be commensurable to the impact of

a rogue one, yielding the same outcome.

The topic is detailed in Nagy et al. (2017, Subsection 4.1-2) and

Petrovay and Nagy (2018).

Thesis 2: Impact of rogue active regions � systematic analysis

The impact of rogue BMRs on the next simulated cycle de-

pends on the characteristics of the active region, such as its

emergence epoch or colatitude. The �ux, the separation be-

tween the two polarities and the tilt angle with respect to the

East-West direction have essential importance as well.

After the case studies detailed above, I analyzed systematically how

the changes in properties of the rogue BMRs a�ect the simulated cycles.

For this purpose, I selected a test-region that emerged at an earlier

epoch of the studied simulation run. I inserted this region into di�erent

cycles as a Hale (anti-Hale) region in order to obtain a strengthening

(weakening) e�ect on the building up dipole moment. The cycles I used

for the investigations had amplitudes of average, below average and

above average.

Studying the impact of the emergence epoch, I found the strongest

e�ect on the next cycle when the BMR appeared at cycle maximum.

According to my results, the test-region can boost (suppress) the ampli-
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tude of the next cycle by 100% if the contribution number of the active

region enhances (weakens) the dipole moment. It is important to note,

that the time of polarity reversal changes as well.

The amplitude and duration of the ongoing cycle can also be modi�ed

in cases when the BMR emerges in the rising phase of the cycle. The

period of the cycle can be longer (shorter) by up to two years when

the test-region weakens (strengthens) the dipole, causing a shift in the

beginning epoch of the next cycle. This is an interesting result because

the variations of the duration of the cycles are generally attributed to

the meridional �ow speed variations, but in the 2× 2D model the �ow

velocity is constant.

In the following analysis I inserted the test-region at cycle maxima,

knowing that the highest impact is expected if the test-region emerges

at this epoch.

The colatitude of the emergence is an important factor as well. As

the test-region emerges further from the equator, its impact on the sub-

sequent cycle lowers. Signi�cant, at least 50% e�ect is expected within

a 20◦ broad range around the equator.

The �ux, tilt angle and separation of the active region also play an

important role. This role was explored with a test region emerged close

to the equator at cycle maximum. The e�ect of the three parameters is

very similar which means that δDBMR describes well the contribution of

the active regions to the global dipole moment2.

The topic is detailed in Nagy et al. (2017, Section 5).

2The contribution of the active regions to the global dipole moment is given in the form of
δDBMR ∼ F d sinα sin θ. In the expression d is the angular separation of leading and trailing
polarities, α is the tilt angle, θ is the colatitude of the active region midpoint, and F is the �ux of
the trailing polarity.
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Thesis 3: Prediction of hemispheric asymmetry and the role

of rogue active regions

Rogue active regions a�ect the hemispheric asymmetry of the

subsequent cycle which is predictable via the polar �eld asym-

metry triggered by the BMR.

Rogue active regions have an impact not only on the strength of the

subsequent cycle but they also a�ect the hemispheric asymmetry. Based

on my observations I made during the previous states of the analysis

and the results of other research groups, I attempted to predict the

hemispheric asymmetry by taking into account the role of rogue BMRs.

In this series of simulations I used another test-region that I inserted

into the simulations keeping its enhancing e�ect on the global dipole

moment.The degree of hemispheric asymmetry was de�ned based on

the polar �elds, the sum of emerged active regions and the time lag

between the beginning epoch of the cycle on the two hemispheres.

The results show that there is a correlation between the polar �eld

asymmetry of a cycle and the activity asymmetry of the next one. For

example, if the polar �eld is stronger on the South, the new spots will

emerge earlier on the South in the next cycle, and the overall activity will

be higher as well. The asymmetry of the polar �elds can be accounted

for a single rogue active region. I investigated the predictability of cycle

asymmetry in case of 500 more cycles where I did not added arti�cial

asymmetry.

The topic is detailed in Nagy et al. (2017, Subsection 4.3) and Nagy

et al. (2018).
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Predictions based on coronal green line measurements

Besides theoretical investigations, I also analyzed the homogenized database

of the coronal green line3, which is the emission line of the highly ionized

Fe xiv, observed at 5303Å. The database contains the measurements of

seven activity cycles, back to 1939, with an angular resolution of 5◦.

Contrary to polar faculae and sunspots, coronal green line activity cov-

ers all latitudes. In the equatorial regions (�EE� branch) the emission

is more intense than in the polar regions. The much fainter activity

patterns observed in the vicinity of the solar poles are divided into two

further branches. One of them appears at cycle maximum and migrates

towards the equator until the time of the minimum (�PE� branch). The

other, �PP� branch moves towards the pole until the next activity max-

imum.

In order to visualize the activity patterns of both the polar and equa-

torial regions, due to the large intensity di�erences, �tricky� data reduc-

tion methods are required. The observed and simulated data of the

coronal green line were analyzed by several research groups using dif-

ferent methods. Due to the di�erent methods and cycles involved, they

arrived at diverging conclusions.

According to one of the assumptions, the PE and EE branches con-

nect to each other, forming the extended solar cycle that follows the

pattern of torsional oscillations. The other assumption states that the

PE and PP branches connect and indicate the border of polar coronal

holes.

In the present research I analyzed the database of coronal green line

intensities applying three methods used by three research groups. I

3The database is available at the following webpage: http://www.suh.sk/online-data/

modifikovany-homogenny-rad (January 2019).
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wanted to know which of the aforementioned assumptions apply for the

measurements. Also, based on the results of the topologic analysis of

the data, I made a prediction for the maximum epoch of Cycle 25.

Thesis 4: Prediction of Cycle 25 maximum epoch based on

coronal green line data

Based on the coronal green line activity patterns observed in

the polar regions of the solar corona, the activity maxima of

the solar cycles can be predicted. According to my forecast,

the maximum of Cycle 25 is expected in 2025.

I analyzed the database of the coronal green line using the following

data reduction methods:

[1] I identi�ed coordinates as local maxima where the intensity was

monotonically increasing in 10◦, and decreasing monotonically within

the next 10◦. In the next step I calculated the number density of

local maxima using a one year window. (Based on the method of

R. C. Altrock 1996, SoPh, 170.)

[2] I calculated the standard deviation of intensities within a one year

long window and subtracted the running mean in latitude. The

latitudinal averaging was de�ned for 15◦, 25◦ and 35◦ latitudinal

ranges. (Based on the method of J. L. Leroy and J. C. Noëns 1983,

A&A, 120.)

[3] I calculated the average of intensities within a one year long window

and subtracted a running mean in latitude. The latitudinal aver-

aging was de�ned for 15◦, 25◦ and 35◦ latitudinal ranges. (Based

on the method of Robbrecht et al. 2010, ApJ, 716.)
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Using these methods I found that the cycles do not show the same

behavior.

My results show that using method [1], only Cycle 19 and 22 shows

the extended cycle. In case of the other cycles this type of connection

cannot be observed.

Using method [2-3], the connection between the polar and equatorial

activity branches depend on the latitudinal window size used for aver-

aging and on the strength of the cycle. Hemispheric asymmetry also

appears. The resulting topology is quite similar for the two data reduc-

tion methods, but the connection between the activity patterns does not

appear the same way for all cycles.

Applying the 25◦ wide averaging window for methods [2-3], using the

resulting intensity maps, I predicted the maximum epoch of Cycle 25.

The basis of the forecast was the rising rate of the PP branch and the

time passed between the time when PP branch reaches the pole and

the next cycle maximum. According to method [2], the maximum of

Cycle 25 on the North is expected in 2025 ± 1.3, and on the South in

2024.8 ± 1.3. With method [3] the maximum epoch is predicted to be

in 2026.2 ± 1.1 on the North and in 2024.7 ± 1.1 on the South. The

results are within 2σ of each other.

The topic is summarized in Petrovay et al. (2018)

9



Publications in the scope of the thesis

Nagy, M., Lemerle, A., and Charbonneau, P.: 2018, Impact of Rogue

Active Regions on Hemispheric Asymmetry, Advances in Space Re-

search 63(4), 1425

Nagy, M., Lemerle, A., Labonville, F., Petrovay, K., and Charbonneau,

P.: 2017, The E�ect of �Rogue� Active Regions on the Solar Cycle,

Solar Physics 292, 167

Petrovay, K. and Nagy, M.: 2018, Rogue active regions and the inherent

unpredictability of the solar dynamo, in Proceedings of the Interna-

tional Astronomical Union, Vol. 13, pp 307�312

Petrovay, K., Nagy, M., Gerják, T., and Juhász, L.: 2018, Precursors

of an upcoming solar cycle at high latitudes from coronal green line

data, Journal of Atmospheric and Solar-Terrestrial Physics 176, 15

Further publications

Lopes, I., Passos, D., Nagy, M., and Petrovay, K.: 2014, Oscillator Mod-

els of the Solar Cycle. Towards the Development of Inversion Methods,

Space Science Reviews 186, 535

Nagy, M. and Petrovay, K.: 2013, Oscillator models of the solar cycle

and the Waldmeier e�ect, Astronomische Nachrichten 334, 964

Nagy, M., Petrovay, K., and Erdélyi, R.: 2017, The Atlanto-Paci�c mul-

tidecade oscillation and its imprint on the global temperature record,

Climate Dynamics 48, 1883

10


	Extreme effects of rogue active regions
	Impact of rogue active regions – systematic analysis
	Prediction of hemispheric asymmetry and the role of rogue active regions
	Prediction of Cycle 25 maximum epoch based on coronal green line data

