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Abstract. It is shown that the monthly smoothed sunspot 1 Introduction

number (SSN) or its rate of decrease during the final years

of a solar cycle is correlated with the amplitude of the suc-Many estimates concerning the size of the approaching solar
ceeding cycle. Based on this relationship, the amplitude ofcycle have been performed using different methods. A sum-
solar cycle 24 is predicted to be 84:33.9, assuming that mary and analysis of more than 50 predictions for the ampli-
the monthly smoothed SSN reached its minimum in Decem-tude of cycle 24 is presented in Pesnel (2008). The range of
ber 2008. It is further shown that the monthly SSN in the the estimated amplitude values is surprisingly wide. Some
three-year period from 2006 through 2008 is well correlatedpredict that the maximum sunspot number for cycle 24 will
with the monthly average of the intensity of the interplane- be as large as 180 (Dikpati et al., 2006), while others esti-
tary magnetic field (IMF). This correlation indicates that the mate that it will be as small as 75, making the approaching
SSN in the final years of a solar cycle is a good proxy for solar cycle the smallest in the last 100 years (Svalgaard et al.,
the IMF, which is understood to reflect the magnetic field in 2005). High solar activity is likely to be associated with nu-
the corona of the sun, and the IMF is expected to be smallesterous large eruptions on the sun’s surface, which generate
at the solar minimum. We believe that this finding illumi- high-energy particles and severe geomagnetic storms that af-
nates a physical meaning underlying the well-known precurfect the orbital motion of satellites, operations of astronauts
sor method for forecasting the amplitude of the next solarin space, communication systems, and electric power lines.
cycle using theaa index at the solar minimum or its aver- Consequently, knowing precisely the level of future solar ac-
age value in the decaying phase of the solar cycle (e.g. Ohtkivity is an important issue for human activities and societies.
1966), since it is known that the geomagnetic disturbanceEmpirical methods try to predict the size of the approaching
depends strongly on the intensity of the IMF. That is, the oldcycle based on the sunspot number or geomagnetic activity
empirical method is considered to be based on the fact thaat the solar minimum. However, most previous predictions
the intensity of the coronal magnetic field decreases in thavere performed based on the data collected before 2005 or
late phase of a solar cycle in parallel with the SSN. It seems2006, at which point the solar activity had not yet reached its
that the precursor method proposed by Schatten et al. (1978hinimum. Therefore, it is expected that the amplitude of the
and Svalgaard et al. (2005), which uses the intensity of theapproaching solar cycle can be more accurately predicted at
polar magnetic field of the sun several years before a solapresent.

minimum, is also based on the same physical phenomenon, |n the present paper, a new precursor method for predicting
but seen from a different angle. the magnitude of the forthcoming solar activity is proposed.
The method is based on our finding that the rate of decrease
Keywords. Solar physics, astrophysics, and astronomyof the SSN or the monthly smoothed SSN in the late years
(General or miscellaneous) of the solar cycle is correlated with the amplitude of the suc-
ceeding cycle. Atendency has been pointed out that the more
rapidly the SSN increases toward a maximum, the larger the
amplitude of that cycle (e.g., Thompson, 1988), but it has
not been recognized that the faster the decay of the SSN to-

Correspondence toA. Yoshida wards a minimum, the larger the amplitude of the succeeding
BY (akio.yoshi@nifty.com) cycle. The critically important point is not the average rate
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Fig. 1. (a) Peak sunspot number versus rate of decrease in the preceding cycle over a one-year period before the minimu(m), Panels
(c), (d), (e) and(f) are the same as panel (a) but for two-year, three-year, four-year, five-year and six-year periods before the minimum,

respectively.

of decrease of the SSN during the entire period of the decaymplications of this observation. The correlation between
phase, but instead that during the several years before thine SSN and the IMF is considered to provide the physical
minimum or, alternatively, the average monthly SSN during background for the well-known precursor method to forecast

the late years of a solar cycle.

the size of a succeeding solar cycle based on the annual or

It was reported recently that the length of a solar cycle pe_monthly minimum value of the index for global geomagnetic
riod is correlated with the amplitude of the next solar cycle disturbance (Ohl, 1966).

(Watari, 2008). However, it was a wonder that no correlation

was found between the lengths of either the rising or decay
ing phases of the cycle and the size of the succeeding cycl

g A newly found precursor

(Watari, 2008). This paper provides the answer t0 this PUZ g re 14 through f shows scatter plots of the peak of the

zle by demonstrating that the significant parameter which i
related to the size of the next cycle is not the total length of

S

S

moothed SSN in the succeeding cycle with respect to the
rate of decrease in the number of sunspots over the course of

a cycle or the length of its decay period, but rather the Iengthone, two, three, four, five and six years, respectively, before

of the final part of the cycle, after the SSN has fallen to a

value of 50 or so.
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the minimum. Data related to the monthly SSN was obtained

from the Solar Influence Data Analysis Centbtt://www.

We further show that the monthly average SSN in thesidc.be/sunspot-daja/lt is seen that the peak of the SSN is
late stage of a solar cycle is a good proxy for the intensitycorrelated with the rate of decrease over all six periods, but
of the interplanetary magnetic field (IMF), and discuss thethe best correlation is obtained for the rate of decrease over

www.ann-geophys.net/28/417/2010/
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Fig. 2. Monthly smoothed sunspot number since 1750.
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Fig. 3. (a) Peak sunspot number in the succeeding cycle versus time required for the sunspot number to decrease from a value of 50 to its
minimum value during the decaying phage) Peak sunspot number in the succeeding cycle versus time required for the sunspot number to
increase from its minimum, pass through its maximum, and decrease to a value of 50.

the course of three years before the minimum. On the otheshorter the interval below a certain value of the SSN, the
hand, Thompson (1988) showed that the rate of increase darger the succeeding peak of the SSN. Figure 3a and b shows
the SSN after the minimum is correlated with the amplitude scatter plots of the maximum smoothed SSN in the succeed-
of that cycle. It is interesting to note that, in that case also,ing cycle with respect to the time required for the SSN to fall
the best correlation was obtained with the rate of increasdrom a value of 50 to its minimum value, and with respect to
calculated over a three-year period. the time required for the SSN to rise from its minimum value,

our findings and those by Thompson (1988) seem not toreach a peak and then fall to a value of 50, respectively. Itis

accord with the results recently reported by Watari (2008),]?bvIOUS ;thtatbatgootd_ ntehga'ilv; co:r?af;zn |s|0bs|er_vzq mt the
who found no correlation between the length of either the 0”?3: plo ’" u _no_f_ln te atter pto ' | ;s(;:teatrhy n |c?tez
increasing or decreasing phase on the maximum SSN in thgwa € really signilicant parameter refated to the amplitude

succeeding cycle. However, this apparent contradiction Cal’?f the ;ucceedlng solar cycle is not the entire length of the
be resolved if we note that what is actually relevant to theprecedlng solar cycle, but the length of the late stage of the

amplitude of the next cycle is not the length of the increasingOlecaylng phase of the cycle. As an aside, the average SSN

or decreasing phases, but the rate of increase or decrease. t|m_es 3 and 4 years before the minimum is 41 and 61’. re-
more intriguing result presented by Watari (2008), which wasSpeCt'Vely’ so that a SSN value of 50 correspond_s FO atime
also shown by Hathaway et al. (2002), is that the length of thesomewhere between 3 and 4 years before the minimum for
solar cycle is negatively correlated with the maximum SSNeaCh cycle.

of the succeeding cycle. Why does the sum of the lengths

of the rising and decaying phases show a significant negativgn
correlation with the amplitude of the next solar cycle, when Figure 4a through f shows scatter plots of the peak of the

the individual lengths of each phase do not? We found thatSmoothed SSN in the succeeding cycle with respect to the
this can also be resolved by considering the fact thatahighegmoothed SSN at a time. one. two. three. four. five and six
rate of decrease implies a shorter time period between so ' ' . ' '

ibed val fthe SSN and the mini | d ears before the minimum, respectively. Here, it should be
prescribed value ottne S and e minimum value, and Nk oie that the smoothed SSN for any given month is the
necessarily a shorter period for the whole decay phase.

average of the monthly SSN values for a 12-month period,
While looking at a graph depicting the monthly smoothed centered on that monthitp://www.sidc.be/sunspot-da}a/
SSN since 1750 (Fig. 2), we noticed a tendency that theFrom Fig. 5, where the correlation coefficients for the cases

When the smoothed monthly SSN itself is used instead of
e rate of decrease, a similar correlation is also observed.

www.ann-geophys.net/28/417/2010/ Ann. Geophys., 28, 4252010
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Fig. 4. (a)Peak sunspot number in the succeeding cycle versus monthly smoothed sunspot number one year before the minim(a)). Panels
(c), (d), (e) and(f) are the same as panel (a) but for two-year, three-year, four-year, five-year and six-year periods before the minimum,
respectively.

shown in Fig. 1 and in Fig. 4 are compared, it is seen thattween the monthly smoothed SSN and its rate of decrease for
the coefficients for both data sets agree very well except ford or more years before the minimum, as is shown in Fig. 6.
the case of one year before the minimum, where a higher We believe, however, that it is significant that the highest
correlation is found between the succeeding-cycle amplitudeorrelation between the monthly smoothed SSN and the am-
and the monthly smoothed SSN. The data point at O year irplitude of the succeeding solar cycle is obtained at a time 3
Fig. 5 represents the correlation between the minimum SSNears before the minimum, as will be discussed later.

and the following maximum SSN, where the rate of decrease

of the SSN is supposedly zero so that the corresponding cor-

relation coefficient does not exist. The general agreement o8  Prediction of the amplitude of solar cycle 24

the correlation coefficients for the two data sets is not sur- ) ) ) .

prising, if we note that the rate of decrease for any givenAS described in the preceding section, the monthly smoothed
month is calculated as (monthly smoothed SSN at that poinSN Seéveral years before the minimum can be regarded as
— minimum SSN)/(interval between the time in question and@ Precursor indicating the amplitude of the coming solar cy-
the time when the SSN has a minimum value). Therefore,de- .If_the monthly_ smoothed SSN is assumed .to have taken
if the monthly smoothed SSN at the time in question is suf-& Minimum value in December 2008, the amplitude of solar
ficiently larger than the minimum SSN, the rate of decrease®YCl€ 24 is predicted to be 84£23.9 based on the correla-
will become almost proportional to the monthly smoothed tion between the monthly smoothed SSN 3 years before the

SSN value. In fact, very good correlation is observed be-Minimum and the maximum monthly SSN of the succeed-
ing cycle. The red circle in Fig. 7 shows the predicted value,

Ann. Geophys., 28, 41425 2010 www.ann-geophys.net/28/417/2010/
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1 in the last 100 years, with a peak smoothed monthly SSN of
0.8 | ° ° 75+8. Their method is originally from Schatten et al. (1978).
06 | . : ¢ ° . Schatten (2005) performed a similar prediction by reexamin-

ing polar field data and using proxies of the sun’s polar field,

Correlation coefficient

0.4 such as soft X-rays from coronal holes and polar faculae,
0.2 f and forecasted fair space weather for cycle 24, meaning the
0 L L L L L L L amplitude will not be large, with a smoothed SSN of about

-1 0 1 2 3 4 5 6 7 80+30.
Year before the minimum Another well-known precursor method developed by Ohl

and his group (Ohl, 1966) uses the relationship between the
Fig. 5. Blue circles: Correlation coefficient between the maximum minimum of geomagnetic activity (where thaindex is usu-
sunspot number in the su(_:c_eeding cycle and the monthly smoo@heg"y used for this purpose) and the sunspot maximum of the
sunspot number at the minimum and at one, two, three, four, five ot oy cle. Based on the precursor method, Kane (2007) es-
and six years before the minimum. Red circles: Correlation Co_timated the amplitude of cycle 24 to be 1226, using the

efficient between the maximum sunspot number in the succeedin .
cycle and the average rate of decrease of the monthly smoothe%adata collected up to 2006. Based on a similar method, but

sunspot number over a time period of one, two, three, four, five, andJSin_g Feynman's I-component (Feynman ' 1982) ofthin-
six years before the minimum. dex in the decreasing phase of the preceding cycle, Hathaway

and Wilson (2006) estimated the maximum SSN of cycle 24
to be 16@:25. This value is even larger than that estimated

which is smaller than the value of 10%15.9 predicted by by Kane (2007). Recently, Bhatt et al. (2009) obtained a

Watari (2008) based on the relationship between the length O¥alue of 92&.19'6 for the_ ampl_|tude of annual mean SSN
. of cycle 24 using the relationship between the averageaof
a cycle and the maximum sunspot number of the next cycle.

) . i ) index for the year of the sunspot minimum and the preceding
Dikpati et al. (2006) predicted that cycle 24 will have a 30— foyr years and the amplitude of the succeeding solar cycle re-

50% larger amplitude than cycle 23, indicating that the Peakc?arding 2008 as the minimum year. This prediction is almost

sunspot number will be as large as 155-180. Their methogh agreement with ours. In the next section we explain the

the polar fields become advected to the shear layer at sunspgttivity tend to give large values.

latitudes after 17—21 years, depending on the meridional flow
strength (Dikpati et al., 2004). According to the model, the
polar fields from the past few cycles £ 1,n—2,n—3), 4 Discussion
rather than just from the declining phase of the previous cy- )
cle (1 — 1) as supposed by Schatten et al. (1978), influencdt seems that different precursor methods are grounded on
the spot-producing toroidal field strength of cycle n. How- the same root. Figure 8a, b, ¢ exhibits the change in monthly
ever, only one observational fact is known which shows theSmoothed SSN, monthly average of the total intensity of
prolonged relationship between solar cycles. Hathaway eEhe IMF, anO! the SO'W wind velpcny in the sun-earth direc-
al. (2003, 2004) reported that the drift velocity of the cen- tion, respectively, during the period from_1998 through 2908.
troid of the sunspot area toward the equator at the sunspdtOte that the IMF began to decrease noticeably starting in the
cycle maximum in cycle is related to the amplitude of cycle er_ld of 2005_. As dlscussed in Sect. 2, the timing is consistent
(n+2). However, they also pointed out that the correlation With the period for which the monthly smoothed SSN or the
only explains 50% of the variance in cycle amplitude (Hath- "ate of decreqse is well correlated with the amplitude of the
away et al., 2004). No indication of a relationship betweennext cycle. Itis remarkable that the monthly average of the
cycle (2 —2) and cycle n has been found in the analysis Oflntenglty of the IMF is so well correlated with the m_onthly
SSN or geomagnetic indices. In addition, we could not find SSN in the three years from 2006 through 2008, as is shown
any relationship between the monthly smoothed SSN in thd" Fig. 9a. This indicates th_at the mon.thly smoothed SSN in
decaying phase of cycle n and the amplitude of cyele 2). the late years of the depaymg phase is a gooq proxy for the
In the dynamo model developed by Babcock (1961) andmonthly average of the |pten3|ty of the IMF, which is thought
Leighton (1969), the polar field at solar minimum is consid- to reflect the magnetic field in the corona of the sun, and the

ered to serve as a “seed” for the toroidal field that comes t IMF should be smallest at the solar-cycle minimum. There-

) . . : Ofore, we believe that the overall solar magnetic field or the
the surface in the succeeding cycle to form active regions. e :
. ) X coronal magnetic field is the key factor underlying the pre-
Assuming that the strength of the polar fields during the de- - .
. ) . cursor methods for predicting the amplitude of the approach-

cay phase, which reach their peak amplitudes several years

; : L ing cycle, and in the late stages of solar cycle its intensity is
after the sunspot maximum, is an indicator of peak sunspoL - o ecented by the SSN
activity for the following cycle, Svalgaard et al. (2005) pre- P y '

dicted that the amplitude of solar cycle 24 will be the smallest

www.ann-geophys.net/28/417/2010/ Ann. Geophys., 28, 4252010
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Fig. 6. (a) Monthly smoothed sunspot number one year before the minimum versus average rate of decrease of monthly smoothed sunspot
number during a one-year period before the minimum. Pdbgl¢c), (d), (e) and(f) are the same as panel (a) but for two-year, three-year,
four-year, five-year and six-year periods before the minimum, respectively.

250 Ohl, 1966) has never been well understood, the above dis-
Zz 200 | ° cussion appears to offer some clues, for it is known that the
"E’ 150 | geomagnetic disturbance depends str_o_ngly on the .intensity
E 100 | of the IMF. In other words, the old empirical method is con-
3 sidered to be grounded on the fact that the intensity of the
= 50 | coronal magnetic field decreases in the final years of the so-
0 . . . lar cycle in parallel with the SSN. Although not shown here,
0 20 40 60 80 the rate of decrease of the SSN during the three-year period
Smoothed monthly SSN before the minimum is well correlated with the minimaa
index.

Fig. 7. Scatter plot of maximum sunspot number in the succeeding

cycle versus monthly smoothed sunspot number three years before As mentioned before, Hathaway et al. (2006) predicted a

the minimum. The red circle shows the predicted maximum sunspotarge amplitude for the SSN in cycle 24 based on the Feyn-

number for cycle 24 and the bar indicates 1-sigma accuracy. man |-component of geomagnetic activity in the decreasing
phase. Here, it should be noted that mid-latitude indices such
asaa are correlated to the product of the square of the so-

Although the physical basis of the well-known precursor lar wind velocity and the southward component of the IMF
method using thaaindex at the solar-cycle minimum or its in GSM coordinates (e.g., Maezawa and Murakami, 1986;
average value in the decaying phase of the solar cycle (e.groshida, 2009). Although the IMF has begun to decrease

Ann. Geophys., 28, 41425 2010 www.ann-geophys.net/28/417/2010/
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Fig. 8. Change in monthly smoothed sunspot nunagrchange in total intensity of the interplanetary magnetic fib)dand change in the
solar wind in the sun-earth direction during the period from 1998 through gf)0&evel 2 hourly data taken by the ACE satellite is used
for the interplanetary magnetic field and the solar velocity. The units for the magnetic fields are nT and solar wind velocity is km/s.

since approximately 2003, the solar wind velocity in 2003 12
was exceptionally high, as shown in Fig. 8c, which produced s 10
an extraordinarily large geomagnetic disturbance (Yoshida, 5 8
2008). In the analysis of Hathaway et al., the effect of the @ ‘g 6
high solar wind velocity in 2003 was not taken into consider- £ :
ation, which is the reason for their prediction of a large max- 0
imum SSN for cycle 24. We think it is essential for any pre- 0 20 40 60 80 100 120
cursor method to provide a proper prediction that the method Smoothed monthly SSN
is based on a proxy that reflects the change in the magnetic 200
field of the sun or the IMF. In that regard, the method based ‘g 600 | . .'0.
on theaa index seems a little problematic in the sense that T 500 ﬁ *rg"*ﬁ'grl—o,w
it does not properly take into account the effects of the solar(®) g 179 F 0% T
wind velocity. Z 200
(% 100 |

The precursor method proposed by Schatten et al. (1978) 0 * * * * *
and Svalgaard et al. (2005), which is based on the polar mag- 0 20 40 50 80 100 120
netic field of the sun, or the magnitude of the sun’s dipole Smoothed monthly SSN

moment, several years before a solar minimum is also con-

sidered to be grounded on the same physical phenomenoﬁig' 9. (a)Scatter plot between monthly average of the total inten-
) L e - sity of the interplanetary magnetic field and the monthly smoothed
i.e., the overall magnetic field of the sun. It is interesting that

| d | dth . . fth sunspot number. (b) Scatter plot between monthly average of
Svalgaard et al. (2005) used the average intensity of the PShe solar wind velocity in the sun-earth direction and the monthly

lar magnetic field during the final three years of three solargmgothed sunspot number. Red, green and blue circles represent

cycles for the prediction of the size of cycle 24. Why was a gata for the years 2006 through 2008, 2005, and 1998 through 2004,
value of three years used? We have shown that the monthlyespectively.

smoothed SSN at a time three years before the minimum or
its rate of decrease during those three years is best correlated
to the amplitude of the succeeding cycle using SSN data for

www.ann-geophys.net/28/417/2010/ Ann. Geophys., 28, 4252010
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23 cycles since 1750. Here, we point out that the averages. Watari for valuable discussions. Comments by D. Willis and an
SSN during the final three years of solar cycles is not so wellanonymous referee are gratefully acknowledged.
correlated with the size of the next cycle as the SSN at atime  Topical Editor R. Forsyth thanks D. Willis and another anony-
three years before the minimum. mous referee for their help in evaluating this paper.

We think it is very probable that the overall magnetic field
of the sun in the final years of a solar cycle reflects some
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