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Abstract –Predicting solar activity is one of the most challenging topics among the various Space Weather
and Space Climate issues. In the last decades, the constant enhancement of Space Climate data improved
the comprehension of the related physical phenomena and the statistical bases for prediction algorithms.
For this purpose, we used geomagnetic indices to provide a powerful algorithm (see Diego et al. [2010.
J Geophys Res 115: A06103]) for the solar activity prediction, based on evaluating the recurrence rate
in the geomagnetic activity. This paper aims to present the validation of our algorithm over solar cycle
n. 24, for which a successful prediction was made, and upgrade it to forecast the shape and time as well
as the amplitude of the upcoming cycle n. 25. Contrary to the consensus, we predict it to be quite high, with
a maximum sunspot number of 205 ± 29, which should be reached in the first half of 2023. This prediction
is consistent with the scenario in which the long-term Gleissberg cycle has reached its minimum in cycle
n. 24, and the rising phase is beginning.
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1 Introduction

The solar cycle (SC), or the Schwabe cycle, is a periodic
variation of the activity level on the Sun over a period of about
11 years. Analyses of historical data on sunspots and related
solar activity parameters have revealed a wealth of information
on the solar cycle, although accurate advanced prediction of the
cycle features, such as the shape and amplitude, is challenging.
Nevertheless, the solar cycle prediction is important to test our
knowledge of the solar dynamo and gauge the potential impact
of space weather in the upcoming cycle, as the solar cycle can
give a rough idea of the frequency of space weather storms.

A variety of methods has been developed to predict the solar
cycle amplitude (see Pesnell, 2008; Petrovay, 2020), mainly
based on the underlying physics of sunspot production, such
as solar surface flux transport and/or solar dynamo processes
(e.g., Charbonneau, 2010; Cameron et al., 2017; Bhowmik &
Nandy, 2018; Upton & Hathaway, 2018), or precursor quanti-
ties of solar activity or magnetism (e.g., Schatten, 2005;
Svalgaard et al., 2005; Pesnell & Schatten, 2018). For instance,
the polar magnetic field precursor method, as first suggested by
Schatten et al. (1978), relies on the correlation between the
amplitude of a sunspot maximum with a measure of the ampli-
tude of the magnetic field near the Sun’s poles at the preceding
cycle minimum (e.g., Schatten, 2005; Svalgaard et al., 2005).

One class of precursors that have proven to be effective in
predicting the solar cycle uses geomagnetic activity indices
during the preceding cycle or near the time of minimum as an
indicator of the amplitude for the next cycle. Ohl (1966) found
that the minimum level of geomagnetic activity seen in the
aa index near the time of sunspot cycle minimum was a good
predictor for the amplitude of the next cycle. Further modifica-
tions (Feynman, 1982; Hathaway & Wilson, 2006) pointed out
that the component of geomagnetic activity due to recurrent
high-speed solar wind streams (HSSs) is a very good indicator
for the amplitude of the following sunspot cycle. In addition,
Diego et al. (2010), studying the persistence of the HSSs recur-
rence through their effects on geomagnetic activity (see also
Sargent, 1985; Levitin et al., 1995), found a significant correla-
tion between the average levels of the recurrence index during
the descending phase of each solar cycle with the sunspot area
(SA) integrated over the subsequent cycle, thus providing a new
method for cycle strength prediction. In more detail, Diego et al.
(2010) performed several attempts to identify the most suitable
index and provided information on long-lasting recurrent HSSs,
related to long-lived corotating regions on the Sun by improving
Levitin’s method. The most important advance of the suggested
index relies on its variation for increasing number of Bartels
rotation, as described in the following section. Multiple fore-
casts were made for solar cycle 24 (SC 24) with little consensus.
A summary and analysis of more than 100 predictions of
the amplitude of the past SC 24 were presented by*Corresponding author: piero.diego@inaf.it
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Pesnell (2016), ranging from zero to unprecedented levels of
solar activity (see also Pesnell, 2008, 2018). SC 24 turned out
to be a below-average amplitude, peaking at an annual sunspot
number (SN) of about 113. The polar field precursor method
and the Diego et al. (2010) one proved to be particularly accu-
rate for SC 24, although the latter provided a prediction for the
sunspot areas instead of sunspot number. Generally, precursor
methods provided better predictions for SC 24 with respect to
dynamo-based ones. Strong criticism of this kind of prediction
was provided by Tobias et al. (2006) and Bushby & Tobias
(2007), concluding that the solar dynamo is deterministically
chaotic and thus inherently unpredictable. On the other hand,
the problem with precursor methods is the limited advanced
prediction, which makes them more useful for Space Weather
than Space Climate.

As far as the new cycle 25 is concerned, the solar cycle 25
prediction panel has reached a consensus that SC 25 will be
similar in size to SC 24, the maximum occurring no earlier than
the year 2023 and no later than 2026 with an SN peak between
95 and 130. On the other hand, McIntosh et al. (2020), based on
the identification of “termination” events that mark the end of
the previous 11-yr sunspot cycle, the enhancement/acceleration
of the present cycle, and the end of 22-yr magnetic activity
cycle, found a relationship between the temporal spacing of
terminators and the magnitude of sunspot cycles, providing
the prediction for an SC 25 amplitude comparable with the
top few since sunspot measurements began.

In this paper, we apply the method developed by Diego
et al. (2010) to the geomagnetic activity indices measured
during SC 24 to predict the activity level, as expressed by the
SA proxy, to be expected in the current SC 25. In addition,
we investigate the relationship between the recurrence index
and the sunspot number to give the cycle amplitude to be com-
pared with the other predictions. Finally, we provide informa-
tion on the increasing rate of the forthcoming solar cycle and
derive its shape and peak time. To this end, Section 2 presents
the data used in this work and the basics of the method.
Section 3 describes the application to the SN series and the
obtained forecast for SC 25, whereas Section 4 discusses results
and draws conclusions.

2 Dataset and method

The analysis performed in this paper is based on the method
for identifying recurrent geomagnetic activity adopted in Diego
et al. (2010). In order to apply the algorithm, we used daily data
of geomagnetic index aa (Mayaud, 1972) retrieved from http://
isgi.unistra.fr. The variability of solar activity has been evalu-
ated on both sunspots areas (SA, daily data at https://www2.
mps.mpg.de/projects/sun-climate) and the revised sunspot
number (SILSO, 2019; Clette et al., 2014; url: http://www.
sidc.be/silso/datafiles). The method had been developed as an
improvement of those formerly suggested by Sargent (1985)
and by Levitin et al. (1995). In particular, the Sargent (1985)
algorithm was based on the aa index autocorrelation between
27-d data series of adjacent Bartels rotations (BRs) and identi-
fied as recurrent periods those for which the correlation coeffi-
cient is greater than 0.2. Levitin et al. (1995) improved the
Sargent (1985) algorithm by extending the computation up to

three consecutive BRs. Nevertheless, these works did not pro-
vide quantitative information about the lifetime of the involved
corotating solar structures that could last several BRs (Storini
et al., 2006). In fact, the former methods were surely suitable
to identify periods with the 27-day recurrent solar forcing, but
these could not distinguish the effect due to a single long-lasting
solar structure from a series of shorter-lasting ones. On the other
hand, the persistence of solar corotating structures provides
important information on the Sun’s magnetic field evolution
in the descending phase of a cycle, which can be assumed to
be the preparation phase of the following one. For this reason,
Diego et al. (2010) extended the recurrence index (called In
hereafter) up to seven BRs, In being the sum of the correlation
coefficient normalized over n (varying from 1 to 6) terms as
follow:

In½aa� ¼ 1
n

Xn

i¼1

rðN ;N � iÞ ð1Þ

where i is the number of BRs preceding the Nth one, r is the
correlation coefficient between the 27-day values of the aa
index of the N-numbered BR and those of the (N � i)th pre-
ceding one. The In[aa] computation has been performed over
more than a century of aa index data in order to include a
large number of solar cycles (i.e., 13 cycles from the 12th
to the 24th). In[aa] index gives information on the persistence
of the geomagnetic activity 27-day recurrence. Since its
amplitude depends on long-lived corotating structures on the
Sun, such as coronal holes extending to low heliographic lat-
itudes, In[aa] shows low values, for high n, any time but not in
case such solar structures are present (mainly during the
descending phases of solar cycles). On the contrary, during
solar activity maxima, these are not frequently observed at
low latitudes, being mainly located at the solar poles, resulting
in very low values of all the In[aa]. Thus, the highest values of
the In index, for high n, are characteristic of the descending
phase of each cycle even though with different amplitudes.
For instance, during some descending phases (e.g., cycle
n. 22), the In can decrease for increasing n due to the reduced
presence of long-lasting corotating regions on the Sun. In
particular, the I6 trend along the various cycles are the most
suited to identify the presence of long-lived solar structures,
as it has high values when those persisting up to 7 BRs are
present, despite it might have values lower than the other
In[aa] (because if a structure persists for 7 BRs, it surely
does for a lower number of BRs). On the contrary, the other
In[aa] are not sensitive to recurrences persisting more than
n + 1 BRs. The I6 persistence has been characterized by
computing its integral value over the descending phase of
each cycle according to the start, maximum, and end time
taken from Pesnell (2018).

The I6 integrated values for each cycle have been correlated
with the integrated values of the Sunspots Areas over the entire
following cycle, obtaining a linear regression with a correlation
coefficient of �0.83. The average Root Mean Square Error
(RMSE) of the regression reported in Figure 1 is about
2.2 � 104 (in unit of 10�6 solar surface hemisphere). RMSE
is frequently used to measure the differences between values
predicted by a model or an estimator and observed values
(Hyndman & Koehler, 2006). It has been computed according
to the equation:
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RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1

ðResiÞ2
s

ð2Þ

where i is the solar cycle number, Res is the residual between
observed and expected values. Figure 1 shows the linear
regression between the two parameters. Note that the inte-
grated SA values up to solar cycle 23 almost coincide (within
1%) with those obtained by Diego et al. (2010), which used
slightly different integration times taken from https://www.
ngdc.noaa.gov/STP/SOLAR-DATA/SUNSPOT-NUMBERS/.
In addition, the actual integrated sunspots areas over cycle 24
match, within the RMSE, the value predicted by Diego et al.
(2010) at the end of cycle 23 (indicated by the green circle in
Fig. 1) being the difference between the two values for SC
24 very small (about 1.5 � 103, i.e., lower than 2% above
the observed value). As for the analysis performed in the pre-
vious work, the integrated value of I6 allows the evaluation of
the upcoming SC 25 amplitude. The red circle in Figure 1 rep-
resents the prediction of the sunspots areas over the entire next
solar cycle. Considering the uncertainties, the SC 25 strength
variation should encompass the observed ones of SCs 23, 21,
18, and 17.

3 Prediction of the sunspot number
maximum

In order to provide more fruitful information, the method
described in the previous section has also been applied to the
SN dataset. First, we performed a validation over SC 24, by
computing the linear regression between I6 and the SN maxi-
mum of the following cycle, over cycles from SC 13 to 23 green
line in Figs. 1 and 2). Thus, we estimated the value for SC 24 to
be compared with the observed one. The obtained correlation
coefficient is �0.77. The scatter plot and regression (green line)
are illustrated in Figure 2. It can be seen that similarly to the
case when SA (see previous section and Diego et al., 2010) is
used, the forecasted (green circle) and observed values for the
SN maximum of SC 24 are almost coincident, being their differ-
ence about 5 (about 121 predicted and 116 observed monthly
value), thus within the RMSE of the regression and one stan-
dard deviation (SD) of the observed value (SD of the SC 24
is 8.2 as reported in http://www.sidc.be/silso/datafiles). More-
over, we repeated such correlation, including the actual SC 24
data point, thus obtaining the updated correlation coefficient
of �0.77. Hence we inferred that SC 25 should have an SN
maximum of 205 ± 29 (red circle in Fig. 2), where the uncer-
tainty has been computed as RMSE in equation (2). In order
to check that I6 is the most suitable In to emphasize the geomag-
netic persistence, as made for Sunspots Areas in Diego et al.
(2010), we performed the correlation also with I5 integrated
values finding a worsening of correlation (r = �0.74; SN max-
imum (SC 25) =194; RMSE = 32). The obtained prediction
with I6 encompasses the recorded SN maxima of SCs 22, 21,
18, 17, and, at the lower edge, also SCs 23 and 15. Note that
SC 15 seems to be unusual as it sits at the edge of the error
bar for SC 25 in Figure 2 (with a quite high SN peak), but it
is much below in Figure 1 (with low sunspot areas), whereas
all the other cycles seem far more consistent across the two
figures, i.e., high SN peaks generally correspond to high sunspot

areas. A possible explanation could be an exception to the
general trend for low amplitude cycles to be preceded by a solar
cycle transition with a high number of spotless days and vice
versa (https://wwwbis.sidc.be/silso/spotless). In this respect,
SC 15 has a quite high amplitude cycle, although preceded by
a solar cycle transition with a high number of spotless days,
which could explain the observed low value of the integrated
sunspot areas, despite the high sunspot number peak.

In order to evaluate also the SC 25 rising time from
minimum to sunspot maximum, we exploited the well-known
Waldmeier effect (Waldmeier, 1935). As a matter of fact, the
maximum sunspot amplitude is known to be inversely corre-
lated to the cycle rise time (time interval between the onset
and the maximum of each cycle) or correlated to its highest
growth rate (the increasing rate of SN before the peak)
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(Waldmeier, 1935). These effects are called WE1 and WE2,
respectively. Past works found that the WE1 effect occurs only
for even-numbered cycles (Dikpati et al., 2008) or under speci-
fic algorithm settings (Karak & Choudhuri, 2010). On the con-
trary, the WE2 seems to be commonly accepted to be a robust
result found in different kinds of theoretical models, such as the
flux transport dynamo models, which currently appear to be
amongst the most promising for explaining the solar cycle
(see Karak & Choudhuri, 2011, and reference therein). Thus,
we used the WE2 approach to retrieve the forthcoming SN
growth rate to provide an indication of the shape of the next
SC 25. The growth rate has been computed as DSN/Dt, being
Dt the time interval between minimum and the following max-
imum, and DSN the corresponding SN variation (13-month
smoothed data from http://www.sidc.be/silso/cyclesminmax).
Figure 3 shows a good correlation (r = �0.95) between the
SN maximum and the highest increasing rate during the ascend-
ing phase of each cycle from SC 13 to 24. These quantities are
highly correlated even considering the uncertainties in the
minima time detection that could be addressed to some cycles.
Thus we can infer the growth rate for SC 25 by assuming the
SN maximum of 205 as predicted above. The estimated value

is about 53 ± 5 yr�1 which can identify similar features among
the various cycles.

It can be noted in Figure 3 that the increasing rate of SC 25
is very close to that of cycles 17 and 21. Once again, the error
bar has been computed as RMSE in equation (2). Figure 4
shows a direct comparison between SC 17 and 21 with a very
similar profile, especially in the rising phase, as expected from
the values of their growth rates and amplitudes. Thus, we
derived the SC 25 time profile (dashed red line in Fig. 4) as
an average of the SCs 17 and 21, rescaled to have the SN
maximum equal to 205 ± 29. The expected maximum can be
foreseen about 3.5 years after the cycle onset (i.e., about mid-
2023). A closer inspection of Figure 4 suggests that a second
SN maximum might appear, after a ~6 month period corre-
sponding to the so-called Gnevyshev Gap (e.g., Storini et al.,
2003; Vecchio et al., 2010; Laurenza et al., 2012) from 4 to
4.5 years (i.e., around the end of 2023/first half of 2024).

4 Conclusion

We studied the recurrences in geomagnetic activity using
the I6 index, expressing the autocorrelation of the aa-index up
to seven consequent Bartels rotations over the period 1878–
2019 (i.e., solar cycles n. 12–24). The observed I6 enhanced
values were exploited to develop a solar activity activity predic-
tion algorithm, which is correlated with the SA and SN datasets.
The results of the analysis provide a twofold contribution to the
prediction of the solar cycle strength. First, the effective ampli-
tude of SC 24 turned out to be almost coincident with that esti-
mated from SC 23 as checked for both sunspots number and
integrated areas. In fact, the relative difference between the
predicted and observed values are lower than the Standard
Deviation of the SC 24 peak. Second, the highly reliable results
obtained for SC 24 for both sunspot number maximum and
areas integrals allow for a complete prediction of the SC 25.
Following the Waldmeier (WE2) approach, we also derived a
rough estimation of the forthcoming cycle shape and SN
maximum time, based on the good correlation found between
the SN growth rate and the SN maximum. Since WE2 provides
an estimation of the highest value of the increasing rate, the pre-
dicted time to reach the SN maximum could be underestimated.
Therefore, the correlation shown in Figure 3 has to be consid-
ered just as an useful tool to identify similar shapes of previous
cycles to address the next SC 25. Figure 5 displays the I6 time
series along with SN since cycle n. 12. The shape of SC 25 has
been obtained, as for Figure 4, by properly merging those of
SCs 17 and 21 selected as the most similar according to the pre-
dicted increasing rate and amplitude. Therefore, combining the
peak amplitude with the increasing rate, we can estimate that the
SC 25 will have its first peak around mid-2023 with an ampli-
tude of about 205 ± 29.

As far as space climate-related long-term variations are
concerned, we observe that SC 24 deviated downwards from
the Modern Maximum cycles (after 1950, Hathaway, 2010).
Two similar intercycle decreases in activity occurred in SCs
5–6 and 14, which were closer analogs of the recent SC 24.
These were identified as the two previous Gleissberg minima
centuries ago. The circumstance that a new Gleissberg mini-
mum was already overdue suggests that it coincided with
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SC 24. This is corroborated by the following considerations:
(i) the Gleissberg cycle on scales 60–130 yr has been found
to have a relevant role in the grand minima generation (Vecchio
et al., 2017, 2019); (ii) the activity decrease during SC 24 occurs
on a timescale comparable to the Gleissberg cycle period after
SC 14, when the sunspot areas have been observed to have
the lowest peak value in the last century (Svalgaard et al.,
2005; Diego et al., 2010); (iii) the Schwabe cycle behavior
between cycles 23 and 24 was found to be similar to that
observed in the Maunder and Dalton minima, thus suggesting
a minimum-like behavior. Indeed, the Schwabe cycle period
of SC 23 was longer than 11 years, as observed during anoma-
lous periods such as the Maunder and Dalton minima (Fligge
et al., 1999; Usoskin & Mursula, 2003; Petrovay, 2010). As a
matter of fact, the mean SC length value from minimum to a
minimum is 11.03 years (median 11.25 years) with a standard
deviation of 1.18 yr, as computed by using the recalibrated
sunspot number (Pesnell, 2018) over SCs from 1 to 23. On
the other hand, the length of SC 23 was 12.3 years, i.e., just
above one standard deviation (corresponding to a probability
of 27%), similarly to the higher than average length of SCs 4
and 5 (13.5 and 12.6 yr, respectively) and 13 (11.9 yr) preced-
ing grand minima periods. In addition, a violation of the Gnevy-
shev–Ohl rule (solar cycles are paired in even–odd pairs so that
the odd cycle is more intense than the preceding even cycle)
occurred for the recent SCs 22–23, preceding SC 24 when
the activity noticeably decreased. Such a violation also heralded
some previous minima (Komitov & Bonev, 2001; Usoskin
et al., 2021), possibly due to a phase catastrophe in solar cyclic
evolution accompanying a quick change of solar activity from a
high to a low level (Usoskin et al., 2021). Thus we speculate
that SC 24 coincided with a Gleissberg minimum, after which
solar activity is expected to increase, in line with our prediction
for SC 25.
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