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The Solar Cycle

Scientific goal:  
Predict the amplitude of future cycle(s).
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Figure 1. The variation of the international sunspot number (RZ) with time since 1995. The purple lines shows the
annual average RZ, while the black lines are the monthly values of RZ since the beginning of Solar Cycle 23, smoothed
over three points. The red crosses show the annual variation of Solar Cycle 16, moved to start in 2010 although Solar
Cycle 14 is a better match using the new version of RZ. The blue line shows the SODA index prediction of Solar Cycle 24
(Schatten, 2005). The rise to the maximum of SC24 is well fit by the curve, which predicted Solar Cycle 24 (SC24) would
peak at an amplitude of 80 ± 20 in the middle of 2013 (2013.5). The epoch of solar minimum was set to December 2008
for the predicted curve.

Solar Cycle 24 has had fewer sunspots than average, but large events have still happened. The fast coronal
mass ejection of 23 July 2012 is an example [Russell et al., 2013]. Another unusual occurrence was Active Region
12192, which formed in October 2014 as the largest active region since November 1990, reaching a peak area
of 3300 !-hems during its disk passage between 17 and 30 October 2014. It also produced six X-class and
numerous M-class flares during its initial disk passage [Sun et al., 2015].

Many predictions of the amplitude of Solar Cycle 24 appeared, even before the actual time of minimum
[Pesnell, 2008, 2012]. Based on the analysis below, this sunspot cycle generated more predictions than the pre-
vious three. Most of the predictions predict only the amplitude and time of the next solar maximum. Missing
is the finer-grained time behavior, such as the timing of cycle extrema, which are usually found by examin-
ing not only the sunspot number record but also other measures of solar activity, such as the flare rate or
magnetic flux, that may peak at different times of the sunspot cycle.

1.1. Compilations of Predictions in Earlier Solar Cycles
Several studies examined the accuracy of ensembles of amplitude predictions for Solar Cycles 21–23.
Weatherley [1980] laments the inaccuracy of the predictions of Solar Cycle 22 from the perspective of ham
radio operators, noting the large range of predictions that were available. McIntosh et al. [1979] discussed 38
predictions of Solar Cycle 21 but did not place them into categories. Brown [1986] redrew the figure for Solar
Cycle 21, including the categories, and also summarized 31 predictions of Solar Cycle 22 by category. Li et al.
[2001] split 63 predictions of Solar Cycle 22 into Groups A (37 predictions that rely solely on solar activity data)
and B (26 that use solar activity data along with additional external information such as solar-geophysical
data). Li et al. [2001] also categorized 48 predictions of Solar Cycle 23 into Groups A (31) and B (17).

Brown [1986] and Li et al. [2001] concluded that methods using a single source of information gave more
widely varying predictions for Solar Cycles 21–23. Those methods using multiple sources, such as the
precursors, have smaller scatter and tend to group around the actual amplitude of the upcoming maximum.
This led to the common wisdom that precursors were superior, which seems to be valid in Solar Cycle 24.
Geomagnetic and solar polar precursor predictions were compared for Solar Cycle 22 by Layden et al. [1991],
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Figure 2 The categorized predictions in Table 2. The dot is the average prediction in each category, the
color bar is drawn at the one-σ error limits, and the error bars show the range of each category. Except for
the breakouts of the precursor class, the colors correspond to those in Figure 1. The number of predictions in
each category is written under the symbols. A dashed horizontal line is drawn at R24 = 115.

the t variable is

ttest = (R24,P − Rz,ave)/σT , (2)

and the number of degrees of freedom are given by (Press et al., 1992)
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The significance of the difference is given by Student’s probability distribution function
(Press et al., 1992; Keeping, 1962; Mandel, 1964):

Pr = A(ttest | nf ). (4)

The probability function is related to the incomplete beta function and is plotted in the upper
panel of Figure 1. A level of significance must be selected. For this problem, Pr > 0.95 is
a valid choice for a highly significant difference, meaning that there is a 1 in 20 chance that
the predictions are the same.

The upper panel of Figure 1 shows that over half (24) of the 41 predictions with error
estimates differ from Rz,ave with a level of significance below 0.5. Two effects contribute to
the statistical significance of the difference. Predicted values that differ from Rz,ave by the
sum of their error estimates have ttest > 1, increasing their statistical significance. This gives
the general behavior of values near one at the high and low limits and small significance
in the middle. A smaller effect is how nf behaves when σ 2

P ≪ σ 2
0 /23, which increases nf

and can add about 0.1 to the calculated significance. This is the case for Svalgaard, Cliver,
and Kamide (2005), who give σP = 2 and thus gain some significance. The predictions of
Javaraiah (2007 ) and Dikpati, de Toma, and Gilman (2006) benefit to a lesser extent from
this effect, both being significant at the 90% level.
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Why do polar fields predict the next cycle?

How can we predict the polar field?

Why do fluctuations occur?

What effect could a rogue region have?
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rho = 0.6, pval = 99%

Figure 3. Correlation between polar flux at solar minimum and the amplitude of
the next cycle. Square (circular) markers denote data for the northern (southern)
hemispheres. Markers are numbered using cycle amplitude as reference. The
dashed line corresponds to a linear fit using the least absolute residuals method.
The text inside the figure panel indicates the Pearson’s correlation coefficient
and its statistical significance.
(A color version of this figure is available in the online journal.)

of toroidal and poloidal proxies, our first task is to look at their
relationship from the point of view of cycle prediction.

We find a good correlation between polar flux at minimum
and the amplitude of the next cycle (Figure 3), with a Pearson’s
correlation coefficient of ρ = 0.60 and P = 99% confidence
level. An interesting feature of the correlation between polar
flux at minimum and the next cycle’s amplitude is the apparent
existence of two separate branches in their relationship. This
feature becomes more evident after performing a linear fit using
the least absolute residuals method (shown as a dashed line in
Figure 3) which naturally gives less weight to possible outliers
in the data set. The separation of data into two branches results
in a large improvement in the Pearson’s correlation coefficient:
ρ = 0.96 (ρ = 0.95) and P = 99% (P = 99%) confidence
level for the main (secondary) branches. This suggests that
finding a way to evaluate on which branch a cycle will fall
would result in a highly effective method of prediction. An in-
depth study of this separation (which seems to be related to the
relative strength of the dipolar and quadrupolar moments during
minimum) and its application to solar cycle prediction can be
found in Muñoz-Jaramillo et al. (2013).

Looking at the relationship between our toroidal and poloidal
field proxies, we find no correlation between maximum cycle
sunspot area (i.e., cycle amplitude) and polar flux (ρ = 0.16
and P = 50%, Figure 4(a)) or between total cycle sunspot
area and polar flux (ρ = 0.19 and P = 59%, Figure 4(b)).
Although the apparent disconnection between sunspot area and
polar flux at minimum could be interpreted as evidence against
the BL mechanism, it is important to highlight that the system-
atic tilt presented by ARs (Hale et al. 1919) is a crucial com-
ponent of this mechanism of poloidal field generation. Indeed,
as shown in Figures 4(c) and (d), the multiplication of maxi-
mum cycle sunspot area, and total cycle sunspot area, by the
area-weighted average tilt (normalized using latitude of emer-
gence and calculated from MWO data; see Dasi-Espuig et al.
2010) turns them into quantities that are correlated with po-
lar flux at solar minimum (with ρ = 0.74 and P = 99% and
ρ = 0.67 and P = 99%, respectively). This agrees with the

results of Kitchatinov & Olemskoy (2011) who find, for cycles
19–21, a good correlation between the total contribution of all
sunspot groups to the large-scale dipolar field (calculated using
the area of the largest spot, the angular extent, and the tilt of
each group) and the amplitude of the next cycle.

These results suggest that sunspot area alone may not be
an appropriate quantity for use in model-based predictions
and explains partly why the models of Dikpati et al. (2006)
and Choudhuri et al. (2007) yielded such different predictions.
However, the improvement introduced by including tilt suggests
that future model-based predictions that rely on AR data will
likely obtain better performance if they assimilate tilt, as well
as sunspot area data. It is important to note that these results
are obtained using a simplified way of including information on
the spatiotemporal distribution, time and latitude of emergence,
of ARs (as performed by Dasi-Espuig et al. 2010). A detailed
assimilation of this information (only possible using a more
sophisticated model) leads to a significant improvement in the
estimation of solar minimum conditions (see Cameron et al.
2010; Cameron & Schüssler 2012), and will likely be an integral
component of future model-based predictions.

5. OBSERVATIONAL STUDY OF SOLAR
CYCLE MEMORY

The difference between the model-based predictions of
Dikpati et al. (2006) and Choudhuri et al. (2007) that has re-
ceived the greatest amount of attention is the relative importance
of advective and diffusive transport. On the one hand, Dikpati
et al. (2006) use a low-diffusivity model in which the merid-
ional flow—a poleward plasma flow observed in near surface
layers (Komm et al. 1993), which is believed to turn around into
an equatorward flow near the bottom of the convection zone,
driving the equatorial migration of active latitudes (Choudhuri
et al. 1995)—is the most important mechanism of magnetic
flux transport. On the other hand, Choudhuri et al. (2007) use a
high-diffusivity model in which diffusion is the most important
mechanism of magnetic flux transport.

In an influential theoretical study of advection-dominated
(AD) versus diffusion-dominated (DD) model-based predic-
tions, Yeates et al. (2008) found that the main difference be-
tween AD and DD predictions is the memory span of the solar
dynamo. To reach this conclusion they performed simulations
in which the source of poloidal field varied stochastically with
time, and looked at the correlation between polar flux at the
minimum of cycle n and the amplitude of cycle n, n + 1, n + 2,
and n + 3. They found that in the DD regime polar flux at mini-
mum is only correlated with the amplitude of the following cycle
(n + 1), whereas in the AD regime polar flux at the minimum
of cycle n is correlated with the amplitudes of cycle n, n + 1,
and n + 2. In a recent revision of this work including the ef-
fect of turbulent pumping—magnetic transport associated with
the morphological asymmetry between convective upflows and
downflows (Tobias et al. 2001)—Karak & Nandy (2012) found
that the addition of turbulent pumping removes any long-term
solar cycle memory, turning AD and DD predictions undis-
tinguishable. Taking advantage of our long-term poloidal and
toroidal proxies, we study cycle memory from an observational
point of view.

Figure 5 displays the correlation of polar flux at the minimum
of cycle n and the amplitude of cycles n (a), n + 1 (b), n + 2
(c), and n + 3 (d), showing only significant correlation between
polar flux at the minimum of cycle n and the amplitude of
the next cycle (n + 1, Figure 5(b)). In light of the theoretical
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Why do polar fields predict the next cycle?

How can we predict the polar field?

Why do fluctuations occur?

What effect could a rogue region have?
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Decaying active regions create the polar field!

Data: US National Solar Observatory



Longitude-averaged magnetic field

Data: US National Solar Observatory



The Surface Flux Transport model

Leighton, Astrophys. J. (1964)



The Surface Flux Transport model

2. Transport
- poleward flow
- differential rotation

3. Decay (subduction)

1. Spreading (“diffusion”)



Model calibration

final state of the preceding cycle. “Optimal” in this sense refers
to the ability to best match the simulated and observed butterfly
diagrams, and the optimal butterfly diagram for Cycles 21 to 23
is shown in the top panel of Figure 1. The bottom panel shows
the observed butterfly diagram obtained from full-disk images
from US National Solar Observatory, Kitt Peak, which
underwent a polar field correction procedure described by
Petrie (2012). All conclusions made in this paper are with
respect to these optimal parameter values. For differential
rotation, the parametrization of Snodgrass & Ulrich (1990) is
used:

0.521 2.396 cos 1.787 cos deg day . 52 4 1w q q q= - - -( ) ( )
We also include an exponential decay term of the form B1-

t
.

Baumann et al. (2006) offered a physical explanation for the
extra term: it is the effect of inward radial diffusion of flux into
the convection zone, which is not directly accounted for in the
SFT model. In the Appendix, we present the case without
decay and show that similar conclusions hold in both regimes.

The axial dipole moment of region i is given by

D t B t d d
3
2

, , cos sin , 6i i

0 0

2

ò ò q f q q f q=
p p

( ) ( ) ( )( ) ( )

where B t, ,i q f( )( ) is the evolving magnetic field of the
individual region i, computed after its initial insertion by
solving Equation (2) with no other field present. Isolating the
evolution of a single region like this is meaningful because
Equations (2) and (6) are approximately linear, so that the
contributions D ti ( )( ) may be added together to give the overall
dipole moment D ttot ( ). The linearity is only approximate
because our newly inserted regions replace pre-existing flux,
and strong returning regions from the previous rotation are
treated as new regions, as discussed above. Nevertheless, the
evolution of the strongest of a set of repeated regions is a good
approximation to the combined evolution including replace-
ments, and it is therefore useful to isolate them.

To assess the contribution of each region to the overall
evolution of the dipole moment, we will also use the relative
axial dipole moment Drel, which is defined as

D t
D t

D t D t
7i

i

rel
tot end tot start

=
-

( ) ( )
( ) ( )

( )( ) ( )

for region i, where D ttot ( ) is the dipole moment of the full
simulation with all regions included, and D ti ( )( ) is the dipole
moment contribution of a single active region as calculated in
Equation (6). The times tstart and tend are the start and end of
each cycle respectively, so that D i

rel
( ) represents the contribution

from region i to the overall change in dipole moment during the

cycle. The start and end times are set to tstart = 1976 May 1 and
t 1986end = March 10 for Cycle 21; t 1986start = March 10
and t 1996end = June 1 for Cycle 22; and t 1996start = June 1
and tend = 2008 August 3 for Cycle 23. The final relative axial
dipole moment D ti

rel end( )( ) then reflects the proportional
contribution of region i to the end-of-cycle axial dipole
moment. A positive D trel end( ) corresponds to a strengthening
of the axial dipole moment at the end of the cycle, while a
negative D trel end( ) corresponds to a weakening.
Note that most SFT simulations, including Jiang et al.

(2015), assume that all regions are BMRs with a simple bipolar
structure. However, in our 2D model this is not always the
case. The model inserts the observed shapes of active regions,
meaning that complex multipolar configurations are often
assimilated. Figure 2 shows the configurations of the top nine
largest contributors from Cycle 23, as measured by D trel end( ).
Among these are two regions that share similar features (left
and center panels of the middle row), and are likely to have
been the same region appearing in two consecutive rotations,
having undergone some sort of interaction in the interim. While
some regions are clearly bipolar, some are less clear and are
harder to separate into BMRs. Because of this, a “tilt angle” is
no longer a sensible measure, so instead we use the initial
(relative) axial dipole moment which still takes into account
orientation and polarity. Similarly, we also do not consider
polarity separation distance. Here, the initial axial dipole
moment of an active region is measured at the time of
assimilation; that is, on the day it crosses the central meridian.
For the optimal threshold, Bpar, we tend to extract fewer

regions per cycle than other studies, because the model can
consider a cluster of active regions to be one single large
region. Despite this, the insertion of realistic configurations of
active regions combined with the optimization procedure

Table 1
Optimal Parameter Set for the Simulation Shown in Figure 1

η v0 p τ B0

(km2 s−1) (m s−1) (year) (G)

466.8 9.2 2.33 10.1 6.7
[325.7, 747.3] [5.6, 11.9] [1.12, 3.95] [3.6, 31.9] [0.0, 15.0]

Note.Upper and lower bounds for acceptable parameter ranges are given in
square brackets below each entry, although here we use the optimum values
themselves for all simulations.

Figure 1. Top: optimal butterfly diagram for Cycle 21 through to Cycle 23,
simulated using the parameters from Table 1. Bottom: “ground truth” data for
the same period. Vertical dashed lines indicate start/end points of cycles as
used in this paper.
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barely an increase in D trel end( ) as another 30% of the regions
are included. This mimics the problem found in Figure 3; Cycle
23 is largely dominated by negative D trel end( ) active regions.
It may be noteworthy that when 60% of the strongest regions

are incorporated (i.e., regions with flux above about
2×1021 Mx), the three cycles reach 80% of the final Dtot
and adding small regions bears minimal difference, regardless
of cycle number. If 90% of regions are used, corresponding to a
threshold of approximately 5×1020 Mx, all three cycles reach
a similar relative level close to D ttot end( ).

4. Distributions of Active Region Properties

4.1. Latitude, Flux, and Initial Dipole Moment

We now turn to analyze the effects of emergence latitude,
flux, and initial Drel on the axial dipole moment contribution
D trel end( ) of each region. The top panels of Figure 5 show the
relationships between D trel end( ) and these three quantities from
left to right respectively for the regions from Cycle 21. We find
that most significant contributors to the axial dipole moment
emerge below ±20°, the very largest of which emerge below

Figure 3. Evolution of the axial dipole moment for Cycles 21 to 23. Each profile is obtained by (a) only using a certain number of the biggest contributors to the axial
dipole moment, or (b) removing the biggest contributors to the axial dipole moment. Color intensity is indicative of the number of regions used in each simulation, as
shown in the legend. The light gray curve shows the observed axial dipole moment. Vertical dashed lines indicate start/end points of cycles as used in this paper.

Figure 4. Final Drel against percentage of regions included for Cycles 21
(pink), 22 (yellow), and 23 (dark green). Solid lines are the cases with
exponential decay, and dashed lines are the cases where the decay term has
been removed. Regions are ordered by flux, and the top x% of the strongest
regions are incorporated.
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Polar field vs. observation



Why do polar fields predict the next cycle?

How can we predict the polar field?

Why do fluctuations occur?

What effect could a rogue region have?
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Individual contributions

±10°. We also find that these regions do not necessarily have
strong levels of magnetic flux; very few of the biggest
contributors are stronger than 1.5×1022 Mx.

We discover that the relationship between initial and final
Drel is largely determined by the emergence latitude: regions
emerging at mid-latitudes (dark purple) tend to contribute little
to the final axial dipole moment, regardless of their initial
values. Conversely, regions emerging at low latitudes (yellow

and orange) can undergo an increase in axial dipole moment
contribution as cross-equatorial flux cancellation occurs and
flux is transported poleward by the meridional flow.
The central row of Figure 5 shows the same relationships as

discussed above but for Cycle 22. The left and middle panels
tell a different story to that of Cycle 21. There are fewer big
contributions (i.e., contributions of more than 2.5%) to the axial
dipole moment, and the largest is a strengthening rather than a

Figure 5. Final Drel for each region against absolute latitude (left panels), flux (middle panels) and initial Drel (right panels). Markers are sized by absolute final Drel,
and colored by flux (left panels) and absolute latitude (middle and right panels).
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Cycle 22

±10°. We also find that these regions do not necessarily have
strong levels of magnetic flux; very few of the biggest
contributors are stronger than 1.5×1022 Mx.

We discover that the relationship between initial and final
Drel is largely determined by the emergence latitude: regions
emerging at mid-latitudes (dark purple) tend to contribute little
to the final axial dipole moment, regardless of their initial
values. Conversely, regions emerging at low latitudes (yellow

and orange) can undergo an increase in axial dipole moment
contribution as cross-equatorial flux cancellation occurs and
flux is transported poleward by the meridional flow.
The central row of Figure 5 shows the same relationships as

discussed above but for Cycle 22. The left and middle panels
tell a different story to that of Cycle 21. There are fewer big
contributions (i.e., contributions of more than 2.5%) to the axial
dipole moment, and the largest is a strengthening rather than a

Figure 5. Final Drel for each region against absolute latitude (left panels), flux (middle panels) and initial Drel (right panels). Markers are sized by absolute final Drel,
and colored by flux (left panels) and absolute latitude (middle and right panels).
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What controls a region’s contribution?

means that the evolution of the observed axial dipole moment
Dtot is well reproduced by the simulation, even though the axial
dipole moment is not considered directly in the fitness function
(unlike Lemerle et al. 2015). We will also continue to use the
term “regions” to describe both individual and clusters of
regions.

3. How Many Regions are Required?

Initially, we consider the effect on the overall axial dipole
moment of including the largest dipole moment contributions
only, to assess how many regions are needed to replicate the
original axial dipole moment. Regions are listed in order of
absolute D trel end( ), and only those above a certain threshold are
assimilated. This routine is performed at five thresholds so that
the top 10, 100, 250, 500, and 750 regions are included over
five separate runs in each cycle, and the resulting profiles are
shown in Figure 3(a). These are superimposed on the observed
axial dipole moment (light gray).

The left-hand section of Figure 3(a) shows the effect of
keeping the largest contributions to the axial dipole moment
from the simulation of Cycle 21. Incorporating the largest 750
contributors of the 844 regions makes only a little difference (a
decrease of 1.6%), but using 500 regions corresponds to a
reduction of 7% of the axial dipole moment.

The middle section of Figure 3(a) shows the effect of
including the largest contributions to the axial dipole moment
from the simulation of Cycle 22. As few as 500 of the 846
regions can be used with a shortfall of just 1.3%, and using 750
regions makes little difference to the evolution of the axial
dipole moment. If we assimilate the top-ten contributors of
Cycle 22, polar field reversal is almost achieved.

The right-hand section of Figure 3(a) shows the same
profiles as the left and middle sections but for Cycle 23. Even
when the largest 750 contributors of the 951 regions are
assimilated, there is a more significant discrepancy (a decrease
of 4.7%) between the resulting axial dipole moment and Dtot
than in the previous two cycles. We will show later that this is
because most of the large contributors in Cycle 23 act to
weaken the overall dipole moment (opposite to the majority
pattern). The cumulative contribution of many weaker regions
is therefore needed to recover its final strength, so although a
small number of regions have a disproportionate effect, the

cumulative contribution of the many regions with weaker
dipole moment cannot be ignored, owing to their common sign.
In each cycle, we see that the top ∼10% of contributors (that

is, about 100 of them) determine the rapid short-term changes
in the axial dipole moment. Here, we see the deficit in Cycle
23; even when the top 100 contributors are included the polar
field is still unable to reverse. If we remove the top-ten
strongest regions from the simulation instead of keeping them
(Figure 3(b)), we discover that the amplitude of the final axial
dipole moment is overestimated in Cycles 21 and 23, and
underestimated in Cycle 22. This demonstrates the impact of
the strongest regions from the three cycles, and that the polar
field at the end of Cycle 23 could have been stronger had the
strongest few regions emerged with different properties or not
emerged at all. If the top 100 strongest regions are removed
from Cycle 23, the axial dipole moment is better represented
than in the equivalent cases for Cycles 21 and 22, presumably
because the proportion of regions with negative dipole
contribution is greater in Cycle 23.

3.1. What are the Implications for Making Predictions?

Up to this point, regions have been ordered by D trel end( ).
Unfortunately, calculating this at time of emergence requires us
to know the subsequent behavior of all other regions during the
rest of the cycle. Therefore, we now examine the consequences
of ordering and including regions based on absolute flux, which
is a quantity readily measured at time of emergence. The solid
lines in Figure 4 display the change in D trel end( ) as more active
regions are included in the simulation, ordered by decreasing
flux, for Cycles 21 (pink), 22 (yellow), and 23 (dark green).
There are multiple regions with large flux that contribute

positively to the axial dipole moment during Cycle 21. Because
of this, 80% of D ttot end( ) is attained when less than 40% of
regions are considered (bearing in mind the threshold for the
top 40% is ∼(4–4.5)×1021 Mx depending on the cycle).
There is then a sharp decrease when the two biggest
contributions of D trel end( ) are included, before the 80% mark
is reached again, corresponding to half the number of regions
being used. Note that more than 25% of D ttot end( ) is attained by
using only a small percentage of the largest regions. This is a
side-effect of the measure we use. For example, when decay is
not present (see Figure 10 in the Appendix) and 10 regions are
included, the end-of-cycle dipole moment is far away from the
original end-of-cycle dipole moment (thick black line), and the
contribution is small (dashed profiles in Figure 4). However
when we include decay (Figure 3), these profiles both go closer
to zero, thereby reducing the difference between the two end-
of-cycle dipole moments and hence increasing the relative
dipole moment obtained by the 10 regions. This effect is even
stronger for the other two cycles. Inclusion of decay does not
affect the basic shape of each profile, it merely weakens the
contribution from stronger regions. This can be seen by
comparing the solid and dashed lines in Figure 4.
The D trel end( ) of Cycle 22 rises at a steady rate as more

regions are added, but there are two clear phases with a large
jump in between. One can attribute this jump to the inclusion of
the largest contributor of Cycle 22. Because of this significant
addition to the dipole moment, using 55% of regions is enough
to ensure that 80% of D ttot end( ) is reached.
The profile for Cycle 23 initially reaches almost

0.5 D ttot end( ), presumably because the regions with strongest
flux contribute positively to the dipole moment. There is then

Figure 2. Nine most significant contributing regions from Cycle 23, as
measured by D trel end( ). The panels are equal in size and centered around each
region. Each image is saturated individually.
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“rogue region” — abnormal tilt, large and/or near equator



Why do polar fields predict the next cycle?

How can we predict the polar field?

Why do fluctuations occur?

What effect could a rogue region have?



Coupled surface-interior model Nagy et al., Solar Phys. (2017)



Effect of a large region

Nagy et al., Solar Phys. (2017)



Is such a big region realistic?

Comparable with region in 
October 2014:

Great sunspot of 1947 
(twice as big):



The spot that killed the dynamo!

Nagy et al., Solar Phys. (2017)



http://www.maths.dur.ac.uk/~bmjg46/

Take-home messages

Sunspots are magnetic.

The Sun’s polar magnetic field forms from the decaying 
sunspots in each 11-year solar cycle.

The polar field at cycle minimum correlates with the upcoming 
cycle amplitude.

Cycle-to-cycle fluctuations seem to be caused by random 
variations in the sunspots that emerge.

A single rogue sunspot could have a significant impact on the 
following cycle!

http://livepage.apple.com/


https://www.swpc.noaa.gov/news/



http://www.maths.dur.ac.uk/~bmjg46/

http://livepage.apple.com/


Nature’s Third Cycle, A.R. Choudhuri, Oxford University Press, 2015.
Journey from the Center of the Sun, J. Zirker, Princeton University Press, 2002.

Books

Articles
For more detail there are some excellent reviews in the open access journal 
Living Reviews in Solar Physics:
- “The Solar Cycle” by D. Hathaway (https://link.springer.com/article/

10.12942/lrsp-2010-1)
- “Solar Cycle Prediction” by K. Petrovay (https://link.springer.com/article/

10.12942/lrsp-2010-6)

Web
http://solardynamo.org/visualizations/AIA_HMI/index.html - interactive 
visualization of the Sun from Andrés Muñoz-Jaramillo
http://suntoday.lmsal.com/suntoday/ or https://www.solarmonitor.org - view 
observations of the Sun over time in various wavelengths
https://www.swpc.noaa.gov/products/solar-cycle-progression - progression of Solar 
Cycle 24 according to the NOAA Space Weather Prediction Center.

Rogue Sunspots - Dr Anthony Yeates, Durham University

https://link.springer.com/article/10.12942/lrsp-2010-1
https://link.springer.com/article/10.12942/lrsp-2010-1
https://link.springer.com/article/10.12942/lrsp-2010-6
https://link.springer.com/article/10.12942/lrsp-2010-6
http://solardynamo.org/visualizations/AIA_HMI/index.html
http://suntoday.lmsal.com/suntoday/
https://www.solarmonitor.org
https://www.swpc.noaa.gov/products/solar-cycle-progression

