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Abstract. We have collected a set of predicted values of maximum sunspot numbers of solar cycles 22 and 23
published in the literature and examined the characteristics of predictions made by various methods. The precursor
methods are found to be always superior to other prediction methods. The maximum sunspot number of solar
cycle 23 is here inferred to be about 162.
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1. Introduction

The cyclical behaviour of solar activity, in particular the
11-year sunspot cycle, is now a well-known property of
the Sun (Hong 1992). Apart from providing information
of the physical process inside the Sun, solar activity gives
rise to variations of the solar-terrestrial system, for exam-
ple, solar activity affects and even controls the physical
condition of the Earth upper atmosphere and the space
environment around the Earth as well. Practical experi-
ence reveals that there should be some relationship be-
tween solar activity and geophysical phenomena, such as
large-scale and long-term meteorological and hydrological
changes. In addition to a wide range of scientific interests,
there are also several practical and commercial reasons
why it is important to know what the magnitude of a
forthcoming sunspot maximum is likely to be. For exam-
ple, knowledge of the average level of solar activity is of
vital importance to radio communication engineers and to
space science technologists who are concerned about the
lifetime of artificial satellites (Brown 1990). The study of
solar-terrestrial relations, which have not yet been clearly
known up to the present, is obviously of great practical sig-
nificance for the existence of human beings, which makes
predictions of the magnitude of a forthcoming sunspot
maximum even more important (Li & Gu 1999; Wang
1992).

Since Yule (1927) first proposed a technique called
an autoregressive method, a great variety of techniques
have been introduced to predict the magnitude of sunspot
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activities. They can be divided into two large groups,
one of which relies solely on solar activity data (hereafter
called Group A) and the other utilizes not only solar ac-
tivity data but also some additional external information
such as solar-geophysical data (hereafter called Group B)
(Li & Gu 1999; Hanslmeier et al. 1999). The latter ap-
proach often refers to precursor methods. In a Boulder
Report McIntosh et al. (1979) presented a histogram of
thirty-eight predictions made by numerous workers for the
maximum sunspot number of solar cycle 21 but without
references. Brown divided the thirty-eight predictions into
two groups, one of which comprised predictions made by
precursor methods, and the other made by the so-called
statistical methods. It is interesting to note that the pre-
dictions based on precursor methods form a reasonably
consistent group and the resulting predictions are found
to fall within ±20% of the observed value. However, al-
most all of the other predictions clearly underestimated
the observed value. Brown & Simon (1986), Brown (1989),
Kane (1992), and Denkmayr (1996) have collected predic-
tions of the maximum sunspot number of solar cycle 22.
In the present study, we have collected as many events as
possible to make more accurate predictions of the maxi-
mum sunspot numbers of solar cycle 22 through cycle 23.
Finally, we will make a few comments on long-term pre-
dictions of maximum sunspot numbers.

2. Predictions for the size of solar cycle 22

Since the period of the solar cycle varies relatively very
little from cycle to cycle, the prediction of the timing
of a subsequent sunspot maximum does not pose such a
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Fig. 1. Predictions of the maximum sunspot number of solar cycle 22 in Group A. The bold horizontal line represents the
observed value of 157.6 and the two dashed lines are the upper and lower bounds of ±10% of the observed value respectively.
The two thin solid lines refer to the bounds of ±20%

Fig. 2. Predictions of the maximum sunspot number of solar cycle 22 in Group B. All of the horizontal lines refer to the same
as in Fig. 1

problem as the prediction of the magnitude of maximum
sunspot numbers (Brown 1990).

Solar cycle 22 began in 1986 and peaked in 1989. In the
present study we have collected 63 predicted values of the
maximum sunspot number of solar cycle 22. Among them,
37 values belong to Group A (see Fig. 1) and the other 26

to Group B (see Fig. 2). Only 2 values in Group B were
obtained by using data inherent to solar system geometry
such as the configuration of planets with respect to the
Sun. As seen from Fig. 1, only three out of 37 values fall
within ±10% of the observed value 157.6 (annual mean)
and only 6 values, within±20%. This clearly demonstrates
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Fig. 3. Two parts of predictions of the maximum sunspot number of solar cycle 22 in Group A

that the non-precursor methods applied to Group A is
questionable in general. The smallest 2 values shown in
Fig. 2 are located far from the observed value so that
the methods based on solar system geometry data may
be regarded as being unsuccessful. Out of the remaining
24 values in Group B, ten values fall within ±10% of the
observed value, and as many as 16 values, within ±20%.
Although the average of the 24 values is found to be Rm =
149.9 close to the observed one, the variance σ = 30.92 is
large.

The values of Group A in Fig. 1 can also be divided
into two parts. Here we have taken eighty percent of the
observed value as a critical value and have used it as a ref-
erence of the division (i.e the lower horizontal thin solid
line of Fig. 1). Among the 37 values, 28 values go into
one part with an average Rm of 95.36 and a variance σ
of 21.66, while only 9 values are classified into the other
part with an average Rm of 174.54 and a variance σ of
21.54. Three lines representing the average Rm and the
upper and lower bounds of Rm ± σ are drawn in Fig. 3,
where the horizontal dashed lines refer to one part with
lower values and the horizontal dashed and dotted lines
to the other part, respectively. The observed value and
the upper and lower bounds of ±10% are also included in
the figure. As seen from Fig. 3, the averages taken over
each of the two groups are located outside the upper and
lower bounds of the observed value; especially the bound-
ary (or interval) of the lower part is far from the observed
value. The figure demonstrates that for solar cycle 22,
Group A either overestimates or underestimates the maxi-
mum sunspot number, but most of the predictions (i.e., 28
cases out of the total of 37) underestimates the maximum.
For solar cycle 21, on the other hand almost all of the

predictions in Group A underestimate the observed max-
imum sunspot number. Figure 3 also shows that the over-
estimated predictions come in the later period of solar
cycles, which yields an outlook of earlier anticipations of
a very small maximum which ends up with an abnormally
high maximum, viz. an early forecast of a low maximum
has a high percentage probability of being an underesti-
mate.

3. Predictions for the size of solar cycle 23

The starting time of solar cycle 23 is generally regarded
as May 1996 although Harvey & White (1999) claim that
the minimum between cycle 22 and cycle 23 occurred in
September 1996. Since then, solar cycle 23 has progressed
for more than 4 years. The Sun is now in a period of rather
high activity, but at present we do not know whether the
maximum solar activity has occurred or not. A number of
predictions of the maximum solar activity have been sug-
gested for the cycle 23. Here we have collected 48 predic-
tions, among which 17 were obtained by using the precur-
sor methods and the other 31 were classified into Group A.

Predictions of Group A can also be divided into two
parts by taking the observed value of the solar cycle 22 as a
critical dividing criterion. As a result, 16 cases with lower
values were put into one part and the remaining 15 cases
with larger values into the other. All predictions of the two
parts are presented in Fig. 4, while those of Group B are
given in Fig. 5. In Fig. 4, we may note an unexpectedly
large gap between the two parts of Group A. The average
RM of the first part is 107.9 with a large variance σ of
27.9. The average RM of the second part is 202.1 with a
rather small variance σ of 14.9. Three lines representing
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Fig. 4. Predictions of the maximum sunspot number of solar cycle 23 in Group A

Fig. 5. Predictions of the maximum sunspot number of solar cycle 23 in Group B

average Rm and the upper and lower bounds of Rm ± σ
are presented in Fig. 4 where the horizontal solid lines
refer to the first part with lower values and the horizontal
dashed lines to the second part, respectively. As seen from
Fig. 5, predictions of Group B surprisingly concentrate
in a rather narrow interval with an average RM of 162.3
and a variance σ of 11.2. Three lines representing average
Rm and the upper and lower bounds of Rm ± σ are also
included in the figure.

4. Conclusions and discussions

In the present study we have collected values of maximum
sunspot numbers of solar cycles 22 and 23 predicted by nu-
merous workers and examined the characteristics of pre-
dictions made by various methods. A comparison is given
based on predictions of the maxima of the sunspot num-
bers within solar cycles 21 to 23, but the prediction dates
of the maxima are not included in the present work, which
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is also an important criterion to assess the quality of solar
activity predictions. Predictions for solar cycles 21 and 22
indicate that the precursor methods are always superior to
other prediction methods. If this regularity should sustain
in solar cycle 23, the maximum sunspot number of cycle 23
should be around 162.3, the average of Group B for the
solar cycle 23. When non-precursor methods were used,
almost all of the predictions underestimate the observed
maximum of solar activity for solar cycle 21. What is more
significant is that the predictions severely underestimate
the maximum. For solar cycle 22, however most predic-
tions underestimate the corresponding observed value of
the maximum solar activity, but a few predictions overes-
timate observations. The starting time of solar cycle 23 is
May 1996, and more than 4 years have already passed. We
infer that probably the Sun should now be very close to
the maximum of the activity, although the concrete date
of the maximum activity is not known at present. The
monthly sunspot number of recent several months (2000
Feb. to May) ranges from 112.3 to 138.2, which resides in
the middle of the two prediction averages of Group A, and
they are close to the average of Group B. The observed
maximum sunspot number of cycle 23 is confirmed to be
much larger than the average of the first part of Group A.
There is a very small probability for the maximum sunspot
number to reach such a higher level of around the average
202.1 of Group B. According to the existing predictions
made by non-precursor methods, the running tendency of
solar activity of solar cycle 23 should either underestimate
or overestimate the true maximum solar sunspot number
and the ratio of overestimate-to-underestimate predictions
increases to about one. This demonstrates again that pre-
cursor methods are by far more successful than other pre-
diction methods, although at present we do not know if
precursor methods completely succeed in the prediction
of the maximum solar activity of cycle 23. We made good
progress in making predictions of the maximum solar ac-
tivity of cycles 21 to 23 with the use of precursor methods.
This may be due to improvement of the quality of obser-
vational data and/or it may be attributed to the fact that
precursor methods are associated with the solar dynamo
theory (Brown & Simon 1986; Denkmayr 1993). As far as
the accuracy of predictions is concerned, precursor meth-
ods are superior to non-precursor methods. However, pre-
cursor methods usually give a prediction just around the
solar minimum within the range of a few years, while non-
precursor methods can make predictions ahead of time by
a few years to several decades. A method to make pre-
dictions ahead of time on a larger time scale with high
accuracy remains to be developed in the future.
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