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ABSTRACT

Sunspots have been observed for over four centuries and the magnetic nature of sunspot cycles has been known for about a
century: hdievergsomelonitsunderyingphysicsistlliemaimelisive. It is known that the solar magnetic cycle involves a recycling
of magnetic flux between the poloidal and toroidal components of the magnetic field, that manifests as the solar dipole and
sunspots, respectively. Here we report the discovery of a new relationship between the rise rate of the sunspot cycle and the
decay rate of the solar (axial) dipole moment. We aruie tha this poins to the existence of a causal connection between the
aforementioned physical quantities — providing an extension to the Waldmeier effect: namely, the decay rate of the Sun’s dipole
e P e OUOWRESOM . V- cmonsratc how one may iake

advantage of this new relationship to predict the amplitude and timing of the sunspot cycle. Our analysis indicates solar cycle 25

. . . . 0.68
is going to be a weak-moderate cycle, peaking in 2024.007 ;5.
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1 INTRODUCTION

Our host star, the Sun, is a dynamic star whose magnetic activity
varies across a wide range of timescales spanning from minutes to
millennia and beyond (Usoskin 2023). The most prominent signature
of this variability is captured by the waxing and waning of sunspots
— dark, magnetized patches on the Sun’s surface — that repeats almost
every 11 years, known as the sunspot cycle. Sunspot cycles exhibit
significant fluctuations in both amplitude and duration that occasion-
ally result in extreme activity phases like solar grand minima and
grand maxima (Passos, D. et al. 2014; Hazra & Nandy 2019; Saha
et al. 2022; Dash et al. 2023). The Sun’s dynamic activity output in-
fluences the entirety of the heliosphere including our home planet, the
Earth, by shaping its space environmental conditions and determin-
ing the habitability (Schrijver et al. 2015; Nandy et al. 2021, 2023).
Therefore, developing accurate predictive capabilities pertaining to
the long-term solar activity is crucial in planning future space mis-
sions and safeguarding space-reliant technologies (Petrovay 2020;
Nandy 2021; Bhowmik et al. 2023).

Stripped down to its fundamental essence, the magnetic activities
of the Sun originate in its deep interior, wherein, a magnetohydro-
dynamic dynamo action generates and recycles the Sun’s large-scale
magnetic fields (Nandy & Choudhuri 2002; Chatterjee, P. et al. 2004;
Charbonneau 2020). The emergence of magnetic flux on the so-
lar surface and its poleward migration under various flux-transport
processes like supergranular diffusion, meridional circulation, etc.
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contribute to the gradual build up of global solar axial dipole mo-
ment (hereafter, dipole moment) (Dasi-Espuig, M. et al. 2010; Pal
et al. 2023; Hazra et al. 2023). It is evident from observations that
the mean latitude of sunspot emergence drifts towards the equa-
tor with the progress of sunspot cycles (Li et al. 2003; Cameron
& Schiissler 2007; Solanki, S. K. et al. 2008; Owens et al. 2011;
Mandal et al. 2017), thereby facilitating cross-equatorial diffusion of
magnetic fluxes and their cancellation across the equatorial region.

Recently, lijima, H. et al. (2017) demonstrated that the emergence
of new sunspots during the decaying phase of a sunspot cycle do not
have considerable influence on the polar field build up. In fact, ear-
lier studies have detected plateau-like intervals in the dipole moment
time series — showing no substantial changes in its magnitude for an
extended duration of multiple years — during the descending phase
of sunspot cycles (Schrijver & Liu 2008; Iijima, H. et al. 2017). On
the other hand, meridional circulation, turbulent diffusion and tur-
bulent magnetic pumping are believed to work in tandem to advect
poloidal fields accumulated in the polar caps down into the base
of solar convection zone (SCZ), where strong radial and latitudinal
shear induct toroidal field that acts as a seed for the next sunspot
cycle (Yeates et al. 2008; Mufioz-Jaramillo et al. 2009; Cameron
& Schiissler 2015). Generation of toroidal field in SCZ consumes
the poloidal field of previous cycle. As a matter of fact, the solar
dipole moment comes out of the plateau-like phase and starts decay-
ing abruptly with almost a uniform rate. Besides, the toroidal fields
produced at the base of SCZ become buoyantly unstable, rise up
through the convection zone in the form of magnetic flux tubes and
penetrates the solar surface — thereby producing sunspots of the new
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Figure 1. Top panel: magnetic butterfly diagram showing the longitudinally averaged line-of-sight solar photospheric magnetic field since May 1976 to May
2023 (i.e., Carrington Rotation number 1642-2271) gleaned from the Wilcox Solar Observatory (WSO) synoptic charts. Middle panel: the grey curve in the
background depicts the evolution of solar axial dipole moment cycles for the above mentioned period. Blue and red curves in the foreground represent 13-rotations
smoothed dipole moment denoting its positive and negative global polarity, respectively. Alternately shaded intervals in the background delineate consecutive
dipole moment cycles with the cycle numbers Dyg_24 labelled on the plot. The inset plot zooms into the tail end of dipole moment time series to capture the

latest polarity reversal in solar dipole moment — from positive (in blue) to negative (in red) —

that occurred during July 2022. This reversal in polarity heralds

the approaching arrival of the peak of sunspot cycle 25. Bottom panel: monthly mean total sunspot number time series (in the background) and its 13-months

running average (in the foreground) for the aforementioned period, i.e. since sunspot cycle 21

to present. Alternately shaded intervals in the background depicts

individual sunspot cycles with the cycle numbers SCy;_»5 labelled on the plot. Sunspot number data is obtained from WDC-SILSO, Royal Observatory of

Belgium, Brussels.
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Figure 2. Evolution of 13-months smoothed monthly total sunspot number since sunspot cycle 21 (in red-dashed curve) and corresponding unsigned dipole
moment, |D| (in blue dash-dotted curve). In our analyses, the slopes of the linearly fitted blue and red solid lines determine the decay rate of unsigned dipole

moment and the rise rate of sunspot cycles, respectively.

MNRAS 000, 1-5 (2023)



Table 1. Calculated rise rate of previous four sunspot cycles, SCa;_24 and the decay rate of their precursor dipole moment, D>(_»3 are tabulated. Initial and final
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time of each interval, as considered in our analyses, are also reported (in year). Corresponding Carrington Rotation (CR) numbers are mentioned in parentheses.

Dipole moment cycle (n — 1)

Sunspot cycle (n)

Decay of precursor axial dipole cycle (n — 1)

Rise of sunspot cycle (n)

Initial time
[year (CR)]

20
21
22
23
24

21
22
23
24
25

1977.60 (CR 1658)
1987.75 (CR 1794)
1998.28 (CR 1935)
2011.28 (CR 2109)
2021.28 (CR 2243)

cycle. Decay and dispersal of these new sets of sunspots eventually
lead to a growth in the Sun’s poloidal field, but with opposite polarity
as compared to the previous cycle (see Fig.1, Top panel).

This sequence of events indicates the existence of a causal con-
nection between the decay of solar polar fields and dipole moment,
and the rise of the following sunspot cycle. In fact it is widely known
that steeply rising sunspot cycles peak to higher amplitudes and vice
versa — known as the Waldmeier effect (Waldmeier 1935). Kumar
et al. (2021) found correlation between the decay rate of polar fields
and the amplitude of the subsequent sunspot cycle across individual
hemispheres of the Sun. However, it is to be noted that the decay
of high-latitude polar field is almost concurrent with the ascent of
the following sunspot cycle, leading to a narrow temporal window
for solar cycle prediction. In this context, the dipole moment of the
Sun has the potential to become a better precursor compared to the
high-latitude polar field, where the former leads the latter by about a
year as evidenced in observational data. Petrovay (2020) argued this
time lag to originate from the delay induced by the poleward trans-
port of low- and mid-latitude magnetic fields — during the formation
of high-latitude polar fields.

In this work, we investigate the relationship between the declining
phase of the axial dipole moment associated with the solar cycle and
the rise rate of the following sunspot cycle. We find a compelling
relationship between the two. We argue that this is theoretically
expected and points to a causal connection between the flux transport
dynamics mediated dispersal of active region flux during the rise of
a sunspot cycle and the cancellation of the polar field of the previous
cycle. Furthermore, we demonstrate how this new relationship can
be utilized to predict the future sunspot cycle, especially the timing
of its peak which is a challenging task. Our results also support the
Babcock-Leighton paradigm of the sunspot cycle which proposes
that the decay and dispersal of the flux of tilted bipolar sunspot
pairs mediated via surface flux transport processes is the primary
mechanism for solar poloidal field’s creation.

2 METHODS AND RESULTS

We make use of total sunspot number database maintained by the
SIDC-SILSO and the solar synoptic charts recorded at the Wilcox
Solar Observatory (WSO), covering the information of photospheric
solar magnetic activity since 1976 to 2023. For a given synoptic chart
corresponding to a particular Carrington Rotation number associated
with time ¢, global axial dipole moment of the Sun, D, at that instant
can be formulated as, (see Petrovay 2020),

3 T_
D(t) = 5/ B(6,1t) cosfsinb db, (1)
0

where, B represents azimuthally averaged radial magnetic field of
the Sun at colatitude 6.

Final time Decay rate  Initial time  Final time  Rise rate
[year (CR)] [Glyr] [year] [year] [yr ']
1978.87 (CR 1675) 43.5917 1976.21 1979.96 68.0175
1989.17 (CR 1813) 54.9517 1986.71 1989.87 78.0974
1999.18 (CR 1947) 33.2563 1996.34 2001.87 36.8719
2011.80 (CR 2116) 22.8997 2008.96 2014.23 23.3260
2022.55 (CR 2260) 26.0578 2019.96 2022.87 -
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Figure 3. Evidence of a strong correlation (Pearson’s r = 0.98 with confidence
level of 97.73%) between the decay rate of dipole moment and the rise rate
of the following sunspot cycle. The black-dashed line denotes the best-fitted
curve, while the shaded region in the background marks the corresponding 2 o
confidence bound as obtained from linear regression. The error bar represents
the typical magnitude of standard error associated with this regression model.
Sunspot cycle numbers (21-25) are mentioned adjacent to their respective data
points in the plot. The predicted rise rate of sunspot cycle 25 using this model
is 28.5+4.7 sunspots per year, as denoted by the blue square.

In the rising phase of a sunspot cycle the number of sunspots
surges, accompanied by a fall in the magnitude of solar dipole mo-
ment until the latter reverses its global polarity (see Fig. 1, Middle
and Bottom panels). This observation falls in line with the previously
mentioned dynamo mechanism pertaining to the cyclic generation of
poloidal and toroidal components of the Sun’s large-scale magnetic
field. Observations show that the polarity reversal of dipole moment
precedes the occurrence of sunspot cycle peak by around a year. We
hereby report the latest reversal in polarity of the solar dipole mo-
ment to have already occurred almost a year ago, during July 2022
— which anticipates an imminent cycle maximum of the ongoing
sunspot cycle 25.

Since, the growth of a sunspot cycle (say n) devours the precursor
dipole moment of cycle (n — 1), one would expect the time rates of
these two physical processes to be in causal correlation with each
other. To investigate this, we analyze the time series of the past
four sunspot cycles (SCp1_24) and their corresponding precursor
dipole moment cycles (Dyp_73), by implementing linear regression
over their growth and declining phases, respectively. We define, the
growth phase of the sunspot cycle as the interval during which the

MNRAS 000, 1-5 (2023)
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Figure 4. Observed amplitude of sunspot cycles SCaz_24 exhibit strong cor-
relation (Pearson’s r = 1.00 with 95.38% confidence level) with the amplitude
of preceding unsigned axial dipole moment cycles, | D123, respectively.
Sunspot cycle numbers (22-25) are mentioned adjacent to their respective
data points in the plot. Based on the best-fit linear regression model (in black-
dashed line) and the observed rate of decay of the preceding |D| cycle, the
predicted amplitude of sunspot cycle 25 is estimated to be 116.91 + 2.89, as
denoted by the pink square. The error bar represents the typical magnitude of
standard error associated with the regression model.

sunspot numbers rise from the cycle minimum to the cycle maximum
with the rate, rggn. On the other hand, we take a semi-analytical
approach (prescribed in Appendix A) to determine the decay intervals
of individual dipole moment cycles, based on which we estimate
their rate of decay, rpy;. We find these two dynamical quantities,
namely rggN and rpyg strongly correlate with each other (Pearson’s
r = 0.98 with 97.73% confidence level), as described in Fig. 3, and
the correlation can be expressed as follows,

YSSN = 1.83XFDM—19.17 2)

Utilizing the observed rate of decay of dipole moment cycle Doy
(i.e., ~26.1 gauss per year) in the empirical relationship prescribed
above we estimate the rate of rise of the ongoing sunspot cycle 25
to be 28.5+4.7 sunspots per year — which is higher than that of the
previous sunspot cycle 24 but lower than cycle 23 (see Table 1). We
note that the outcome of the aforementioned regression is sensitive
to the choice of initial epoch in the decay interval of dipole moment
cycles and we discuss more on this in Appendix A.

Now we demonstrate how an amalgamation of this prior knowl-
edge on the rise rate of a sunspot cycle, and its amplitude predicted
by other independent means can be extended to forecasting the time
of occurrence of its peak. Earlier studies have found that the mag-
nitude of solar polar field and dipole moment at the sunspot cycle
minimum significantly correlate with the strength of the subsequent
sunspot cycle (Schatten et al. 1978; Yeates et al. 2008; Jiang et al.
2018). Fig. 4 depicts that even the amplitude of the dipole moment,
ApM, has a significant correlation with the subsequent sunspot cycle
amplitude, Agsn, Which can be expressed in the form of the following
independent relationship,

ASSN =2.00 X Apm + 13.16 3)

Substituting the observed amplitude of Dy (= 51.75 gauss) in equa-
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tion (3) we estimate the strength of the imminent sunspot cycle 25
maximum to be 116.91 + 2.89 denoting a weak-moderate cycle sim-
ilar to or slightly stronger than cycle 24.

‘We mark the sunspot cycle minimum during December 2019 (say,
zés) with a monthly mean amplitude of 1.8 (say, Aés) as the beginning
of the ongoing sunspot cycle 25. Ascribing a uniform average rise rate
to this cycle (i.e. rp5 = 28.5+4.7 sunspots per year) as estimated from
equation (2) and considering its amplitude (i.e. A{S =11691+2.89
predicted from equation (3), we forecast the time of occurrence of
the peak of sunspot cycle 25, t{s to be,

[ g

Al -a
B2 _2024.00%0:68 )

.
- ~0.49

i
25 =Is ¥

3 CONCLUSIONS

Analyzing long-term observation of solar photospheric magnetic ac-
tivity for the past four sunspot cycles, we discover a compelling
correlation between the decay rate of solar dipole moment and the
rise rate of following sunspot cycle. We have explained how this
correlation emerges out of a causal connection between the emer-
gence and surface flux transport of new tilted bipolar sunspot pairs
(cause) and the decay and reversal of the previous cycle’s poloidal
field (effect). Given that this causal connection is intimately related
to the Babcock-Leighton mechanism for solar polar field generation
our work provides independent confirmation that this mechanism is
an integral part of the solar dynamo.

The rise rate of a sunspot cycle (say, cycle n) is known to be related
to the eventual peak of that sunspot cycle (n) — a relationship known
as the Waldmeier effect. Our work establishes an extension of this
Waldmeier effect which can be succintly stated as: the rate of decay
of the Sun’s axial dipole moment of cycle (n — 1) is related to the
rate of rise and the eventual strength of the following sunspot cycle
(i.e., cycle n).

Additionally, we formulate a semi-analytical framework to deter-
mine the decay time interval in dipole moment. It is worth noting
that the evolution of the dipole moment precedes that of the solar
polar field by nearly a year, which significantly extends the prediction
window for the dynamics of the upcoming sunspot cycle with im-
proved accuracy. The existence of such a strong correlation, in fact,
enables one to forecast the timing of a sunspot cycle’s peak once the
amplitude of that cycle is independently anticipated. For example, we
show that the ongoing sunspot cycle is likely to peak during January
2024 (with the range of July 2023 to September 2024), based on its
empirically estimated amplitude of 116.91+2.89. Note that this esti-
mated amplitude matches with the physical model based prediction
of Bhowmik & Nandy (2018).

Predicting the time of maximum amplitude of sunspot cycle is
important for gauging when the most adverse space environmental
conditions (space weather) is expected. This information is impor-
tant for solar radiative forcing of the Earth’s upper atmosphere, in
protection of space based technological assets and mission lifetime
estimates. This prediction of the timing of the peak of sunspot cycles
have remained a challenging task for physics based models. We have
provided an alternative empirical method for predicting the timing
of the sunspot cycle peak which can be implemented only after a
significant fraction of the rising phase of sunspot cycle has occurred.
The physical model based prediction of Bhowmik & Nandy (2018)
predicted the peak to occur in 2024 (+1 year). This convergence of



our empirical prediction with early, physics based prediction augurs
well for the field of solar cycle predictions.
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Figure Al. Panel (a): unsigned dipole moment cycles | D |50—-24 are depicted (in blue) across columns (I)-(V), overlaid by the linear regression fits (in red).
Regression fits are implemented starting from each individual data point, one by one, till the end of the respective cycles. Panel (b): time evolution of slopes of
linear fits computed in panel (a). Panel (c)-(e): first (|m| (D), second (|m|@)) and third order(|m|)) forward differences of these slopes are shown along these
three rows (c)-(e), respectively. In all the panels, black dashed lines mark the beginning of decay time interval i.e., the instant when plateau-like phase in a dipole
moment cycle ends, or in other words, the dipole moment cycle starts decaying rapidly with almost a uniform rate. The sudden changes in |D| associated with
this instant is captured well in the third order forward difference, |m| 3), in the form of pronounced peaks [panel (e)]. To maintain uniformity and robustness of
the choice of decay interval across individual |D| cycles, we consider the first pronounced peak with amplitude >0.4 in |m2|?) time series to mark the initial
epoch of the decay time interval. This interval ends with the termination of the corresponding |D| cycle.
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