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Abstract The forecast of solar cycle (SC) characteristics is crucial particularly for several
space-based missions. In the present study, we propose a new model for predicting the length
of the SC. The model uses the information of the width of an autocorrelation function that
is derived from the daily sunspot data for each SC. We tested the model on Versions 1 and 2
of the daily international sunspot number data for SCs 10—24. We found that the autocorre-
lation width A%, of SC n during the second half of its ascending phase correlates well with
the modified length that is defined as Tc’;” — T.'. Here Tc"yJr2 and 7' are the length and as-
cent time of SCs n + 2 and n, respectively. The estimated correlation coefficient between the
model parameters is 0.93 (0.91) for Version 1 (Version 2) sunspot series. The standard errors
in the observed and predicted lengths of the SCs for Version 1 and Version 2 data are 0.38
and 0.44 years, respectively. The advantage of the proposed model is that the predictions of
the length of the upcoming two SCs (i.e., n + 1, n 4 2) are readily available at the time of the
peak of SC n. The present model gives a forecast of 11.01, 10.52, and 11.91 years (11.01,
12.20, and 11.68 years) for the length of SCs 24, 25, and 26, respectively, for Version 1
(Version 2).

Keywords Solar cycle - Sunspots - Models

1. Introduction

The Sun is the energy source for our planet Earth. Variations in solar outputs (energetic
particles, radiations, etc.) with both short and long timescales have significant effects on
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our life, on the near-Earth environment, and on modern space-based technology (McComas
et al., 2008; Emmert, Lean, and Picone, 2010; de Toma et al., 2010; Ermolli et al., 2013;
Solomon, Qian, and Burns, 2013; Hajra et al., 2014; Hao et al., 2014). Periods of low so-
lar activity like the Maunder and Dalton minimum have been witnessed in the past. Some
studies also support the existence of grand minima in solar activity (Usoskin, Solanki, and
Kovaltsov, 2011). The most evident solar variability is linked with the periodicity of 9—13.6
years, which is widely known as the solar cycle (SC). Realizing this fact, we are keen to
know the nature of future solar activity. Today, different models are available with which
to forecast the peak of an SC (Ohl, 1966; Feynman, 1982; Wilson, 1990; Thompson, 1993;
Hathaway and Wilson, 2006; Muiioz-Jaramillo et al., 2013; Svalgaard and Kamide, 2012).
In spite of the availability of several models, each forecast possesses uncertainties, and hence
their usage is sometimes questionable (Pesnell, 2008, 2016).

In addition to the peak solar activity, we are also interested to know the length of an
upcoming SC. The extended minimum of SC 24 resulted in the third longest SC with a
length of 12.5 years for SC 23. In the past, SCs 4 and 6 had greater lengths of 13.58 and
13.08 years, respectively, and it falls into the Maunder minimum period. The length and
peak of the SC vary from one SC to another, which is physically related to the process of
the solar dynamo (Dikpati and Gilman, 2008). Studies have suggested that a stronger SC
is likely to have a shorter ascent time (Waldmeier, 1935, 1939). This dependence is widely
known as the Waldmeier effect. In addition, the peak sunspot activity is found to be inversely
correlated with the length of the preceding SC (Hathaway, Wilson, and Reichmann, 2002;
Kane, 2008), which is known as an amplitude-period effect. This indicates that the length
of the SC can give us some clue about the forthcoming solar activity. To date, there is no
exclusive model for the prediction of the length of an SC. Recently Kakad, Kakad, and
Ramesh (2015) proposed a new model solely for the prediction of the descent time of an
SC; this model is based on the Shannon-Entropy technique.

In the present study, we have developed a new model for forecasting the length of an
SC. This model uses the daily international sunspot number data (Versions 1 and 2) for SCs
10—23. The method we adopted to construct the model is described in Section 2. The results
are discussed and concluded in Section 3.

2. Method for the Model Development

In the present study, we have used Versions 1 and 2 of the daily and monthly smoothed
international sunspot number observations, which are available at http://www.sidc.be/silso/.
In 2015, the original (i.e. Version 1) sunspot number series was replaced by the new series
(i.e. Version 2). Several corrections were applied to these long-term sunspot data in order to
remove inhomogeneities in past observations (Clette et al., 2015, 2016b). This new sunspot
number, Version 2 data, is now used by solar scientists. Many studies have recently been
carried out using the new sunspot time series to validate previously proposed forecasting
models (Zachilas and Gkana, 2015; Clette et al., 2016a). In the present study, our aim is
to develop a new model for the prediction of the length of an upcoming SC. This model
is developed for Versions 1 and 2 of the sunspot data, which are depicted in Figure 1a and
1b, respectively. The solid black and yellow lines shown in Figure 1 represent the monthly
smooth sunspot number (SSN) for the respective sunspot numbers.

Before we proceed to describe the model development, it is important to estimate the
characteristics of SCs for the two sunspot number series. Using the monthly SSN, we com-
puted the ascent time (7}), descent time (7y), length (7y), maximum sunspot number (Smax),
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and minimum sunspot number (S, ) for each SC in the Version 1 and Version 2 data series.
To obtain these characteristics, we identified the start time (¢;), peak time (¢,), and end time
(t.) for each SC. We identified the mathematical minimum and maximum in the monthly
SSN for a given SC, and assigned their occurrence to the time of the start and peak, re-
spectively. In addition to the mathematical maximum/minimum, different methods can be
adopted to retrieve the SC characteristics (Hathaway, 2010). As SC characteristics obtained
from different methods vary only slightly (Kakad, 2011), we decided to use the method
based on the first occurrence of the mathematical minimum/maximum in the monthly SSN
to obtain the SC characteristics.

The characteristics of the SC n were evaluated by the ascent time 7,' = tg — 1!, the
descent time Ty =1, — ¢, and the length T} = T," + 7. The monthly SSN at the time of
ty and 7 are represented by Shax and ST, respectively, for SC n. The SC characteristics for
the Version 1 and Version 2 data are compiled in Tables 1 and 2, respectively, for SCs 1 —24.
In Figure 2 we compare these characteristics for the Version 1 and Version 2 sunspot series.
It is observed that the ascent time and descent time of the SCs are in good agreement for
Versions 1 and 2, except for SCs 22 and 23. However, the length of SCs 1 —24 are nearly the
same for the Version 1 and Version 2 sunspot series, with a standard rms difference of 0.6
months. The difference in ascent and descent times of SCs 22 and 23 for the Version 1 and
Version 2 sunspot series arises from the change in the peak time. Values of SC maximum
(Smax) and minimum (Sp;,) are somewhat higher for Version 2 than for Version 1. Sy,.x for
Versions 1 and 2 follows similar trends in their variations, resulting in a good correlation
(~ 0.96) between them. Similarly, Sy, for Versions 1 and 2 is also found to be in good
correlation (& 0.97).

As stated earlier, in this model we used the daily international sunspot numbers. There
are large data gaps in the daily sunspot numbers before 1855, so we used the sunspot data
from SCs 10—24 in the present model. As a first step, we smoothed the daily sunspot data
by taking three-day averages centered on a given day. For each jth day, this is represented
by S.(j). This three-day smoothing was applied to remove any sudden spikes in the sunspot
time series and was used for further processing. We later divided the ascent phase of each
SC into two equal parts and termed them Phases 1 and 2. For SC n, Phase 1 starts at ¢ and
ends at 1! + T, /2, while Phase 2 starts at ¢/ 4+ 7, /2 and ends at Iy

Furthermore, we obtained S, — (S,) during Phase 2 of each SC and treated it as a signal
to retrieve the autocorrelation function for the corresponding SC. The average of S, during

@ Springer



B. Kakad et al.

181 Page 4 of 12

- 16’11 - - - - - - - - 9¢
- sor - - - - - - - - Y4
- T10°1T I'y L1 6'18 - - s - 88'800¢C ¥
€C°0— LTCI (a4 0’8 8°0CI 0s'ClI 868 't 62°000C 8€'9661 €T
€0 10°01 9°¢ £l S8¢CI L9°6 €89 €8T 76°6861 1L79861 (44
€r'o £€9°01 6'S [a! S¥91 0501 SL'9 SL'E 96'6L61 1T9L61 1T
00— 60°11 9'¢ 9'6 9011 Wil €e’L 80'% 88'8961 6L'17961 0¢
0L0 [\ ! (34 7' €'10C 0501 869 't 178561 6C1S61 61
L1°0 €01 (Y L'L 8161 L1°01 269 STe 8€'LY61 [AR2 ) 81
€0 LLOT 'S e coll ol €89 8G°¢ 6C'LE6] IL¢ge6l L1
91°'0— 10°01 € 9°¢ 1'8L L1°01 ws SL'Y 62'8C61 7S e€col 91
90— 9’6 (44 Sl 7°601 80°01 °6°S LTy €9°LT161 o eiel Sl
67 0— £€6°01 9'¢ LT 9 il €e’L 80'% €1°9061 02061 14!
€7'0— 811 7' 0'S 6'L8 6’11 00°8 't 707681 €1'0681 €l
6€°0 9¢°'11 9'¢ [ 9'vL LT'TI L1'9 00°¢ 96'¢881 96'8L81 4!
- - Y 49 covl SL'TT €€'8 we £€9°0L81 1T°L981 I
- - 67 e 0'86 STI1 80°L LTy €1°0981 96°6S81 oI

- - - 901 6'1¢1 el €8°L 8SY €1'8¥81 7S e8I 6

- - - €L 6971 L9°6 €€°9 €e'e 1T°LEST 88°¢€8I 8

- - - 10 SIL L9701 00y L99 88'6C81 1T°€C81 L

- - - 00 L'8% 80°¢l €89 ST9 8€918I1 €roI8I 9

- - - e (a4 €811 00°S €89 €1°6081 6T'86LI1 S

- - - 6 Il 8¢°¢€l LT°01 we €1'88LI IL¥8LT ¥

- - - L S8S1 ST6 €€°9 6T 8E€'8LLI 9P’ SLLT €

- - - [ 8°CII 80°6 SL'S €e'e TL69LT 8€'99LI 4

- - - '8 98 STI1 (N4 €€9 9% T9LT €I'SSLT I
(s1K) 10113y (s1K) (sAep) (s1£) & (s1k) Pg (s1k) Bf (s1K) 9 (s1k) S1 'ON
Jo1ug Ba%oaﬁ ISTA| My UG Xewg ySua aun JuAdsag Qw1 JUAISY i Yedd i 1es DS

*SUWIN00 991y} Ise] oY) Ul udAIS a1e L7 pojorpaid pue paarssqo
oy ur (101191) Jo119 Y pue ‘uonenba [epowr Yy Sursn payorpard sHS Jo YPIUJ Y (My) YPIM UONB[LIOd0INE Y], "SOLIAs jodsuns | UOISIOA oy} 1o (MW¢) roquinu jodsuns
wnwiuw pue (Xeus) roquinu jodsuns yead ‘(A7) s jo nFuay {(Pz) swmn 1us0sap (¥7) swn Juaose ‘(d7) own yead ¢(57) own 1IvIS S Yons SONSLIAOBIRYO 9[9AD IB[0S | J[qEL

pringer

As



Page Sof 12 181

Length of Solar Cycles

- 89°T1 - - - - - - - - 9¢
- 0Tl - - - - - - - - Y4
- T10°1T 6'¢ [ 7'oI1 - - €e's 6C110C 96'800C ¥
L¥'0— 8¢l (a4 [ €081 65°Cl 80°L (Y L8'100C LE9661 €T
9¢°0 60°01 49 el (Syare L9°6 0S9 LT'E L8'6861 1L79861 (44
0€’0 7801 8¢ 8Ll 6'C¢ET 0501 SL'9 SL'E 96'6L61 1T9L61 1T
88°0— £€9°01 9'¢ €yl 9961 Wil €e’L 80'% L8'8961 6L'17961 0¢
LLO 1€ 11 7'y 'S 0°68¢ 0501 659 't 0C'8S61 6C1S61 61
9C°0 ol 8Y 6'CI L'81C 91°01 269 STe LELY6] [1% 24! 81
SI°0 L9°01 'S 8¢ 9'861 ol 789 8G°¢ 6C'LE6] IL¢ge6l L1
10°0— 60°01 € 76 ol L1°01 ws SL'Y 62'8C61 7S e€col 91
SE'0— 0s'6 I'y ST L'SLT 00°01 °6°S 601 9'Liel vSelel Sl
SS'0— 10°TT 9'¢ Sy I"LOT 0S'I1 WL 80'% 219061 02061 14!
61°0— 19°11 €e €8 Sovl 7811 00°8 78'¢ 707681 0T°0681 €l
19°0 SCI1 9'¢ L'E a4\ STI1 ST9 00°¢ 96'¢881 96'8L81 4!
- - Y 66 0'v€T SL'TT €' we 79°0L81 0T L981 I
- - 8Y 09 7981 STI1 80°L LTy 10981 96°6S81 oI

- - - 9°LI 6°61C el €8°L 65t CI'8¥81 7S e8I 6

- - - (! 69T 99°6 €€°9 €e'e 0T LE8T LY'EE8I 8

- - - 0 coll L9701 00y L99 L8681 0T €e8l L

- - - 00 18 00°¢T €89 LT9 LEIISI 0T°0181 9

- - - 1Y 0'C8 6’11 80°¢ 89 C1°s081 6T'86LI1 S

- - - 6°S1 £6eT 8¢°¢€l 91°01 we CTI'88LI IL¥8LT ¥

- - - 0'Cl £¥9¢C ST6 €9 6T LESLLT 9P’ SLLT €

- - - 981 0'¢e6l 006 SL'S STe TL69LT 9% 99LT 4

- - - oyl 'yl €e1l 00°S €€9 9% T9LT CTI'SSLT I
(s1K) 10113y (s1K) (sAep) (s1£) & (s1k) Pg (s1k) Bf (s1K) 9 (s1k) S1 'ON
Jo1ug Ba%oaﬁ ISTA| My UG Xewg ySua aun JuAdsag Qw1 JUAISY i Yedd i 1es DS

‘SUWN[0d 321y} 158 Y ur udAIg are £97 pajorpaxd pue
PaAI19sqo ay) ur (101121 Jo110 9y pue ‘uonenba [apow Yy Jursn paorpaid YFUI[ DS Ayl ‘(M) YIPIM UONEB[ALION0INE Y ], "SALIdS Jodsuns g uoIsiop oyl Joj (M'W¢) zoquunu jodsuns
wnwiurw pue (Xewe) roquinu jodsuns yead ‘(A7) g Jo pSus (Pr) swm Jusosap ‘(Bf) awn juaose ‘(97) awn yead ¢(57) owm 1Ll SB Yons soNsSLIgORIRYD (A0 IR[0S T J[qEL

pringer

N



181 Page 6 of 12 B. Kakad et al.

(b)

7 12
® —+— Version 1
6 10 ® —e— Version 2
= =
s 4 £F
3
2
0 5 10 15 20 25
(c)
300
200
2
559
100

0 5 10 15 20 25
SC number (n) SC number (n)

Figure 2 Variation in SC characteristics: (a) ascent time, (b) descent time, (¢) solar maximum, and (d) solar
minimum estimated from the monthly SSN of Version 1 (red) and Version 2 (blue) for SCs 1 —24.

a given phase is represented by (S,). It may be noted that we estimated the autocorrelation
function only for Phase 2 of each SC and used this in the present model. In Figure 3, as an
example, we show the signal S, — (S,) during Phase 2 of i) SC 15 and ii) SC 22 for Version
1 (red) and Version 2 (blue). The corresponding autocorrelation functions are shown in Fig-
ures 3c and 3d as a function of time lag (¢) in days. Each autocorrelation function is fitted
with a fifth-order polynomial. Then, the width of an autocorrelation function (Ay,), defined
as the lag where it falls to 0.65, was estimated for each signal. The time lags in the autocor-
relation functions are discrete, whereas the width of the autocorrelation function may not
always be discrete. In order to obtain the appropriate information on the width of the auto-
correlation function, we fitted the autocorrelation function with a fifth-order polynomial and
recomputed the values of the autocorrelation with a time lag of 0.1 days. For SCs 15 and 22,
the widths of the autocorrelation functions are found to be 4.2 days and 5.6 days (4.1 days
and 5.2 days) for the Version 1 (Version 2) sunspot series, respectively. The estimates of Ay,
for SCs 10—24 are given in the third last columns of Tables 1 and 2.

We found that the autocorrelation width A}, during Phase 2 is highly correlated with
i) the length of SC n + 2 (i.e. TC’;”), and ii) the ascent time of SC n (i.e. T}'), resulting
in correlation coefficients of 0.79 and —0.67 (0.77 and —0.57) for Version 1 (Version 2),
respectively. We defined a new parameter TC’;,“ — T' and termed it modified length, which
possesses a significantly higher correlation with A?,. The plot of the modified length TC"yJr2 —
T." as a function of A}, for SCs 10-21 (i.e. n = 10—-21) is shown in Figure 4 for i) Version 1
and ii) Version 2. The correlation coefficient between the modified length and the width of
the autocorrelation is found to be 0.93 and 0.91 for Versions 1 and 2, respectively. The linear
equations obtained using the least-squares fit for Versions 1 and 2 are

Version 1: T4 — T = 1.13A, +1.87, 1)

Version 2: T/;*2 — T = 1.15A}, + 1.88. )
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Figure 3 Variation in S; — (S;) as a function of time during Phase 2 of the ascent stage of (a) SC 15 and
(b) SC 22 for Version 1 (red) and Version 2 (blue). The corresponding autocorrelation functions are shown
in panels (¢) and (d). The values of the width of the autocorrelation functions are given in each subplot.
The horizontal black dash-dotted line shows the limit of 0.65, which is used to compute the width of the
autocorrelation function.

Figure 4 Modified length (a) Version 1 (b) Version 2
TcnyjL2 — T} as a function of the
width of the autocorrelation
function A}, of SCs 10-21 for
(a) Version 1 and (b) Version 2. 8.5
The linear least-squares fitted
equations and the correlation
coefficients are given in the
subplots.
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Equations 1 and 2 can be used to predict the length of SC n + 2 when the width of
the autocorrelation function during Phase 2 and the ascent time of SC n are known. From
Equations 1 and 2, we estimated Ty for SCs 1223 using the values of Ay, and T; for SCs
10-21. These length estimates are listed in Tables 1 and 2 for the Version 1 and Version 2
sunspot data series, respectively. The difference between the predicted and the observed
length of the SCs is represented by Teor, and it is listed in Tables 1 and 2 for SCs 12-23. It
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Figure 5 Correlation coefficient between model parameters as a function of the size of the smoothing win-
dow applied to the sunspot series of (a) Version 1 and (b) Version 2. Different color curves correspond
to different limits C) considered while estimating the width of the autocorrelation function. The maximum
correlation coefficient for the model parameters is found for the three-day smoothing with C; =0.6-0.7.

is evident that the absolute error (|Teqor|) between the observed and the predicted length of
the SCs lies between 0.13—-0.7 years (0.08 —0.81 years) with a standard rms deviation and
Oprediction Of 0.38 years (0.44 years) for Version 1 (Version 2). As the parameters used in the
model possess higher correlation with smaller standard errors in the prediction, this can be
used to predict the length of upcoming SCs. The advantage of this model is that the forecast
of the length of two SCs, i.e. n + 1 and n + 2, is available at the time of the peak of SC n.
It may be noted that we used the information in the autocorrelation function of the
sunspot numbers only during Phase 2 of the ascending stage of a given SC because the
widths of the autocorrelation function during other phases are not found to be well corre-
lated with the parameter that we plan to model in the present study. Second, in this model we
specifically chose i) a smoothing function of three days, which was applied to the sunspot
series, and ii) the widths of the autocorrelation function were defined by imposing the limit
(C)) of 0.65. The parameter C) is defined as the value of the autocorrelation used to obtain
the width of the autocorrelation function. Here, the question is why we chose these param-
eters for the proposed model, and if we were to change these parameters, how that would
affect the model output. To address these questions, we tested our model with no smoothing,
with three-day smoothing, with five-day smoothing, and with seven-day smoothing. We also
changed the limit C; to 0.6, 0.65, 0.7, 0.75, and 0.8, to obtain the width of the autocorre-
lation function. A similar exercise was carried out, and the correlation coefficients between
model parameters (as described in previous paragraphs) were obtained for each combination
of smoothing function and the limit C;. The plot of the correlation coefficient as a function
of smoothing window for different values of C; is shown in Figure 5 for Version 1 and
Version 2 sunspot data. It is noted that the maximum correlation between the model param-
eters is encountered for the three-day smoothing and the limit C; =0.65. When we used a
somewhat wider window size for the smoothing function, i.e. five and seven days, the corre-
lation coefficient started to decrease. This is expected because as we increase the size of the
smoothing window, the information on short timescale variations will be averaged out. Fur-
thermore, for a three-day smoothing window, the correlation coefficients are 0.901, 0.905,
and 0.908 (0.926, 0.932, and 0.931) for the limit C; = 0.6, 0.65, and 0.7, respectively for the
Version 1 (Version 2) sunspot series. This indicates that the correlation coefficients are vary-
ing less significantly when C; is selected to lie between 0.6 —0.7 to estimate the width of the
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autocorrelation function. Thus in the proposed model, we took the three-day smoothing and
the limit of 0.65 to define the width of the autocorrelation function. The autocorrelation is
simply a serial correlation between two signals. Taking very low values (< 0.6) to compute
the autocorrelation width will be statistically insignificant because while doing so, we basi-
cally move toward the regime of lower correlations. We took 0.65 as the limit to define the
width of the autocorrelation function, which means that the 65% of the variations between
the signal f(¢) and the time-shifted signal (f (¢ — ¢)) match well at lag ¢ = A,,.

Using Equations 1 and 2, we computed the length of SCs 24, 25, and 26 as the informa-
tion on 7, and Ay, were available only for SCs 22 —24. The proposed model gives a forecast
of 11.01, 10.52, and 11.91 years (11.01, 12.20, and 11.68 years) for SCs 24, 25, and 26,
respectively, for the Version 1 (Version 2) sunspot series. The standard error in the range of
+0.38 —0.44 years is expected in the predicted lengths of SCs. SC 24 is initiated at 2008.88
(2008.96) for Version 1 (Version 2), thus based on the present prediction of Tj“ , it is likely
to end in November 2019 (December 2019).

It may be noted that we were able to compute Ay, only for SCs 10—24 as daily sunspot
data were available for this period. A careful examination of Equations 1 and 2 indicates that
we can estimate the width of the autocorrelation function for SCs 1 -9 by rewriting these
equations as follows:

Version 1: A}, = (TC';+2 —-T) —1.87)/1.13, 3)

Version 2: A}, = (T;" — T, — 1.88)/1.15. 4)

Using Equations 3 and 4, we back-predicted the autocorrelation widths of SCs 1-9 for
Versions 1 and 2. These back-predicted (red) and estimated (black) values of A7, are shown
in Figure 6 for i) Version 1 and ii) Version 2. It is noted that the period of the Dalton mini-
mum (SCs 5-7) is associated with longer autocorrelation widths. This is an interesting fea-
ture and hints at the presence of a different dynamo process during these periods. The model
results are discussed in the next section to achieve further insights into the present study.

@ Springer
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3. Discussion and Conclusions

We have retrieved information on the width of the autocorrelation function during the sec-
ond half of the ascending phase (termed Phase 2) for each SC using the daily international
sunspot series (Versions 1 and 2). The estimated widths of the autocorrelation function A,,
in this phase are found to vary with the SCs. With our model equation, the back-predicted
values of Ay, for SCs 1-9 suggest that the widths of the autocorrelation function become
longer during periods of weaker solar activity, such as the Dalton minimum. The question
is why the width of the autocorrelation function varies with SC. For G- and K-type stars,
Bohm-Vitense (2007) showed that the activity period (cycle length) of a star is proportional
to its rotation period. However, this dependence follows different linear trends for active
and inactive stars. It is attributed to differences in the internal dynamo processes that are
operative during active and inactive phases of these stars. It may be noted that we computed
the autocorrelation functions using observations of sunspot numbers. These sunspots appear
at high latitude in their initial phase of activity and then slowly move toward the equatorial
belt during the time close to peak activity. It is known that the latitudes of the Sun rotate
at different rates (Spence et al., 1993). For example, the rotation period at the solar poles
is & 40 days, and at the solar equator, it is & 27 days (Noyes, 1982). In addition, these
rotation periods are a function of solar activity and the phase of a cycle (Aini Kambry and
Nishikawa, 1990). Thus, a variation in the width of the autocorrelation function with SCs is
expected.

Another question is what a larger A, during the Dalton minimum signifies. For any time
series, the autocorrelation measures the relation of the present observation (i.e. at time ¢)
with past or future observations (i.e. at time ¢ F ¢) for different time lags ¢. It is also treated
as a measure of the persistence (repeating behavior). The autocorrelation function falls to
a value lower than 0.5 within a lag of less than ten days for SCs 10—24. The slow change
in the autocorrelation indicates that the observed feature is sustained for a longer time with
less variability. In long-memory processes, the decay of the autocorrelation function for
a time series can be expressed as a power law o ¢ ™%, where « is the power-law index.
For such systems, the Hurst exponent H is given by 1 — «/2. The Hurst exponent varies
between 0— 1, and it is used to give information about memory in a given time series. If 0 <
H < 0.5 (0.5 < H <1), then the time series possesses less (more) persistence (Ruzmaikin,
Feynman, and Robinson, 1994; Oliver and Ballester, 1996; Kilcik et al., 2009). In other
words, systems with greater persistence will tend to have shallower slopes (i.e. « =0-1) in
their autocorrelation function.

In view of this discussion, our analysis suggests that the dynamo processes that are opera-
tive during weak solar activity have a tendency to move toward the persistence behavior. We
confirmed this hypothesis by estimating the Hurst exponent H by a rescaled range analysis
(Gilmore et al., 2002). The exponent is found to vary between 0.73 —0.88 for the Version
1 and Version 2 sunspot series for Phase 2. We noted that the Hurst exponent is directly
proportional to the width of the autocorrelation function, such that it gives a correlation co-
efficient of 0.88 (0.89) for Version 1 (Version 2). In recent studies, the values of the Shannon
entropy, a measure of inherent randomness in the system, have been found to be lower dur-
ing the period of the Dalton minimum (Kakad, Kakad, and Ramesh, 2015, 2017). This is in
agreement with the persistence behavior of solar activity during the Dalton minimum.

Recently, Kakad, Kakad, and Ramesh (2015) proposed a new method for predicting the
descent time, which suggests that SC 24 would end around February 2021. This prediction
suggests that the end of SC 24 will be nearly 13 months later than the value given by the
present model. An onset of SC 25 close to the end of 2019 has been suggested by Mcln-
tosh et al. (2014). Other recent predictions are also available at http://www.huffingtonpost.
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com/dr-sten-odenwald/ and http://www.auroraborealispage.net/solarmax.html, which sug-
gests that SC 24 is likely to end around 2019 —2020. This is in agreement with our model
predictions.

In conclusion, we have developed a new model to predict the length of upcoming SCs.
With this model, the cycle length can be forecast for two upcoming SCs. The model was val-
idated using Version 1 and Version 2 sunspot series. The standard error in the prediction of
the SC length is 0.38 years and 0.44 years for the Version 1 and Version 2 data, respectively.
The model gives a forecast of 11.01, 10.52, and 11.91 years (11.01, 12.20, and 11.68 years)
for SCs 24, 25, and 26, respectively, for the Version 1 (Version 2) sunspot series. It suggests
that SC 24 will be of normal length, but SCs 25 and 26 are likely to have lengths greater
than the average length of 11 years. The widely known amplitude-width relation of SCs
suggests that the solar maximum of SC 7 is inversely correlated with the length of SCn — 1.
As the predicted lengths of SCs 25 and 26 are somewhat greater than the average length of
all SCs, the upcoming SCs 26 and 27 are likely to have weaker solar activity, which is in
agreement with recent studies (Gkana and Zachilas, 2016; Zachilas and Gkana, 2015). The
present study also indicates a tendency of a persistency in the solar dynamo process that is
operative during periods of weak solar activity.
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