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Solar Activity Cycle: History and Predictions
George L. Withbroe*

Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts

The solar output of short-wavelength radiation, solar wind, and energetic particles depends strongly on the
solar cycle. These energy outputs from the sun control conditions in the interplanetary medium and in the terres-
trial magnetosphere and upper atmosphere. Consequently, there is substantial interest in the behavior of the
solar cycle and its effects. This review briefly discusses historical data on the solar cycle and methods for
predicting its future behavior, particularly for the current cycle, which shows signs that it will have moderate to
exceptionally high levels of activity. During the next few years, we can expect that the solar flux of short-wave-
length radiation and particles will be more intense than normal and that spacecraft in low Earth orbit will
re-enter earlier than usual.

Introduction

T HE sun is a remarkable object. Nearly all of its energy
emerges in the form of low-energy photons in the ultravi-

olet through infared regions of the spectrum. At these
wavelengths, the solar output is nearly constant, varying only
a fraction of a percent. This near constancy of the low-energy
solar output provides the Earth with the steady source of
radiative input required to create the stable weather conditions
that have permitted terrestrial life to flourish. However, at
higher energies, in the extreme ultraviolet, x-ray, and gamma-
ray wavelengths, the solar radiative output is highly variable.
This is illustrated in Fig. 1. Figure la shows the solar variabil-
ity in 1979 at various ultraviolet and extreme ultraviolet (EUV)
wavelengths between 28.4 and 205 nm (284-2050 A).1 Figure
Ib shows the solar uv spectrum (top) and an estimate
of the spectral variability during cycle 21 (bottom). The
solar output of particles also exhibits strong variations. It
consists of both low-energy particles forming the solar wind,
which has a mean outflow speed of about 400 km/s, and high-
energy particles (electrons, protons, and heavier ions), which
move at near light speeds. The variable component of the solar
output has a cyclic behavior which rises and falls with a period
of about 11 yr. This review briefly discusses historical data on
the solar cycle and methods for predicting its future behavior.
The discussion of predictions is limited to consideration of
long-term solar variations (months, years) and does not con-
sider an equally important topic, the prediction of short-term
(minutes, hours) behavior of solar activity.

Discovery of the Solar Cycle
The solar cycle was discovered by Schwabe2 in 1843 from

observations of sunspots, which are small dark areas on the
solar surface. He noted that the number of sunspots on the
sun varied with a period of about 10 yr. His discovery was
made possible by Galileo's finding that sunspots could be ob-
served with the recently invented telescope. In 1848, Wolf
began tabulating the daily number of sunspots using as an in-
dex a number that depends on the number of spots and spot
groups on the sun: the Wolf sunspot number R = k(Wg+f).3
The factor k depends on the "seeing" or quality of the observ-
ing conditions due to fluctuations in the Earth's atmosphere
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(which affects the visibility of small sunspots), the "personal
equation" of the observer, and the type of measurement
(instrument used; visual or photographic observations). The
parameters g and / are, respectively, the number of sunspot
groups (clusters of sunspots) and the number of individual
spots. Hence, the sunspot number is not a true measurement,
but a semiquantitative indicator of "spotiness." In spite of
this deficiency, it has proven to be a good index for determin-
ing how active the sun is.

Figure 2 shows the annual mean sunspot numbers from
1610 (when the telescope was invented) until 1975. As is
readily apparent, the sunspot cycle is irregular. The most
prominent features are its appoximatley 11-yr period, the vari-
ation of the magnitude of sunspot number at maximum, and
the long period of very low sunspot numbers in the last half of
the seventeenth century. The latter period is known as the
Maunder minimum.4 The most reliable data are those from
about 1850.4 Since then, the period of the sunspot cycle has
been as short as 10.0 yr and as long as 12.1 yr, with the mean
period being about 11 yr.5 The average time from minimum to
maximum is 4.3 yr, and the average time from maximum to
minimum is 6.6 yr. Cycles with faster rise times typically have
higher maxima.5'6 The mean height of the sunspot maximum
is Rmax = 116 (for last 12 cycles R).6 The largest maximum was
observed during the 1957-1958 maximum (designated solar cy-
cle 19) when the smoothed sunspot number reached a value of
201. Because of the large fluctuations in the short-term (days
to months) sunspot numbers, smoothed numbers are usually
used, with a 12- or 13-month running mean being a typical
measure of spotiness.

With the advent of more modern techniques for observing
the sun, there are now other solar indices that provide better
quantitative measurements of solar activity. The most widely
used of these is the solar 10.7-cm radio flux, the brightness of
the sun as observed at a wavelength of 10.7 cm. The solar
10.7-cm flux, which has been measured regularly since 1947,
has provided a reliable, quantitative measure of solar activity
over the past four solar cycles. Surprisingly (give the qualita-
tive nature of the sunspot number), there is a strong correla-
tion between the sunspot number and the 10.7-cm flux. This is
illustrated in Fig. 3. The relationship between these two in-
dices is R=1.015F101 -61.1, when 13-month means are
used.6 The 10.7-cm flux is also strongly correlated with the
solar EUV flux which plays a primary role in heating the outer
atmosphere of the Earth (see Fig. 1; review by Hedin and
Mayr7). Because measurements of the 10.7-cm flux have been
available throughout the space age, while measurements of the
EUV flux have been made over only relatively short intervals,
the 10.7-cm flux is usually taken as a proxy for the EUV flux
and is frequently used in calculational models for the upper
terrestrial atmosphere.7 The daily fluctuations in the 10.7-cm
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Fig. 1 a) Solar variability in 1979 at several radio, uv and EUV
wavelenths;1 b) The solar uv spectrum (top) and an estimate of the
spectral variability during cycle 21 (bottom).

flux (and in the sunspot number) can be large, as illustrated in
Fig. 4, which compares daily measurements with the smoothed
(13-month running mean) values from cycle 19.

Sunspots and other direct indicators of solar activity have
been observed for a relatively short interval of time. One
method of extending our knowledge of solar activity to earlier
times is through use of secondary measures of solar activity.
One of these proxies is the amount of radiocarbon 14C in tree
rings.8 Radiocarbon is produced by interactions of high-
energy cosmic rays with the terrestrial atmosphere. Since the
cosmic ray flux in the solar system is modulated by solar activ-
ity, measurements of the amount of 14C as a function of time
can provide a record of solar activity. As indicated by Eddy,8

use of radiocarbon measurements in tree rings to infer the
level of solar activity has limitations, because the filtering
caused by varying patterns of atmospheric circulation, diffu-
sion, and ocean absorption delay and dilute real variations in
the radiocarbon production, and severely attenuate changes
shorter than about 20 yr. Thus, only long-term, gross effects
can be observed. These are illustrated in Fig. 5. The upper
graph gives the persistent radiocarbon deviations. Downward
excursions indicate increased 14C and imply decreased solar
activity. The circled numbers indicate significant minima and
maxima including the Maunder minimum (2). The middle
curve is a interpretation of the radiocarbon record as being an
envelope of solar activity. Note that the period of time, 1600
to the present, corresponds to the time interval given in Fig. 2
for the sunspot data. The left-hand bottom curve gives the
times of advance and retreat of Alpine glaciers. The dashed
curve gives the mean annual temperature in England, and the
solid curve in the lower right gives the winter-severity index
(colder downward) for the Paris-London area. Note that there
appear to be several periods in the past when the sun may have
been more active that during the present era (e.g., maxima
labeled 12, 11, 10, 6, and 4).

Solar Magnetic Cycle
The sunspot cycle is one manifestation of a more basic solar

cycle, the solar magnetic cycle. Babcock's model provides a
simple qualitative explanation for many of the observed prop-
erties of the sunspot cycle.9'10 Among the features of the
sun-spot cycle to be explained are as follows:

1) The first spots observed in a cycle appear at high latitudes
(-30°).

2) As the cycle progresses, new spots are born at progres-
sively lower latitudes, until near the end of the cycle they form
close to the equator.

3) Sunspots are regions with strong magnetic fields. These
strong fields produce sunspots by inhibiting the outward con-
vective flow of energy from the solar interior to form
relatively cool areas (hence dark spots) at the surface.

4) Sunspots appear in groups with the leader spots (in that
they lead the way across the disk as the sun rotates) in the one
hemisphere (e.g., northern hemisphere) having positive polar-
ity, while the follower spots have negative polarity. In the
other hemisphere (e.g., southern), the leader and follower
spots have the opposite polarities (leading spots negative, fol-
lowing spots positive).

5) In the next cycle the polarities are reversed in the two
hemispheres.

In Babcock's model, the sunspot cycle is caused by the inter-
action between the sun's rotation and its magnetic field.9'10

The sun rotates differentially; that is, the rotation rate is
highest at the equator and decreases with increasing solar
latitude such that the rotation rate at the poles is about 20%
slower than at the equator. As viewed from the Earth, the
equatorial rotation rate is about 27 days. At the start of the
11-yr solar cycle, the configuration of the solar magnetic field
is similar to the Earth's, with positive polarity at the north
pole of the sun and negative polarity at the south (see Fig. 6).
The magnetic field lines run primarily from north to south.
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Then differential rotation begins to stretch the field lines as
more rapidly rotating equatorial regions run ahead of the
regions at higher latitudes. The stretched field lines below the
solar surface become twisted and intensified until bundles of
twisted field lines become buoyant and pop through the sur-
face forming magnetic bipolar regions. Polarity is positive
where one end of each flux bundle passes through the surface
and negative at the other end. Motions of the gas at the solar
surface cause the surface fields to break up with the following
polarities drifting toward the poles where they mix with the
opposite polarities there. This cancels existing polar fields and
eventually replaces them with fields of the opposite polarity.
Eventually (after about 11 yr), the global field reverses, form-
ing a situation similar to that at the start, but with opposite
polarities at the solar poles (negative polarity at the north
pole, positive polarity at the south pole). This sets the stage for
a similar cycle of winding up of the fields, etc. Thus, the 22-yr
magnetic cycle has two maximum periods of strong magnetic
fields at the surface, periods when there are many sunspots
and extensive amounts of solar activity.

The magnetic fields that reach the solar surface produce
other structures besides sunspots. Magnetic loops extend
above the surface connecting regions of opposite magnetic po-
larity and become filled with hot plasma with temperatures of
1.5 to 3 x 106 K. The plasma heating appears to be caused by
quasisteady-state dissipation of magnetic energy stored in the
twisted magnetic-field lines. This region of the solar atmos-
phere is known as the corona. It emits EUV and x-ray radia-
tion, which can be observed with instruments flown above the
EUV/x-ray absorbing layers of the Earth's upper atmosphere.
Figure 7 shows a map of the positive and negative magnetic
polarities at the solar surface as light and dark areas (lower
right photograph). The other three photographs show the cor-
onal loops as observed in EUV emissions at wavelengths corre-
sponding to highly ionized atoms which map the plasma at
mean temperatures of 6 x 105 K (Ne VII line at 465 A), 106 K
(Mg IX line at 368 A), and 2.5 x 106 K (Fe XV line at 284 A).
Ne VII is a neon atom with 6 electrons removed. Since the
amount of EUV and x-ray radiation emitted by the sun de-
pends on the fraction of the solar surface covered by strong
magnetic fields, the EUV and x-ray energy received by the
Earth depends on solar rotation (since the magnetic fields are
not uniformly distributed) and upon the solar cycle.

In some areas of the sun, the magnetic fields are sufficiently
weak that the gas pressure of the hot coronal plasma exceeds
the pressure of the magnetic field, breaking open the magnetic
loops, and allowing the plasma to flow out into interplanetary
space to form the solar wind.11'13 The most prominent sources
of steady-state solar wind are coronal holes, large magnetic
unipolar regions with open magnetic configurations (one end
of each field line is rooted in the sun, the other is carried far
out into space by the solar wind). The large dark areas in the x-
ray photograph of the sun (Fig. 8) are coronal holes. The
bright areas are regions with closed magnetic-field configura-
tions (magnetic loops with both ends of the field lines attached
to the solar surface). Regions with the strongest magnetic
fields have the brightest x-ray emission. Coronal holes are
sources of highspeed solar wind (mean speed of about 700
km/s).14~17 Small open areas within magnetically complex re-
gions appear to be the source of the low-speed wind18 (mean
speed of about 340 km/s). Magnetically complex regions ap-
pear to have predominantly closed configurations and are
characterized by moderate to bright x-ray emissions (see
Fig. 8).

Occasionally, energy stored in the twisted magnetic-field
lines is released suddenly. This sudden energy release acceler-
ates electrons, protons, and ions to high energies and heats the
solar gas to high temperatures, typically several times 107 K.
This is a solar flare.19'21 The high-temperature gas generates
intense bursts of x-ray and EUV radiation, which travel out-
ward into interplanetary space at the speed of light and,
among other things, heat and ionize gas in the upper terrestrial
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atmosphere. Some of the high-energy accelerated particles
may also escape the sun and if conditions are suitable, some of
these particles may reach the Earth. (Flares that occur near the
west limb of the sun tend to have more favorable conditions
for this due to the configuration of the interplanetary mag-
netic field, which spirals out from the rotating sun much like
the water from a rotating water sprinkler. The solar magnetic-
field lines are carried away from the sun by the solar wind.)
Finally, the disruption of the coronal magnetic field may also
blow off large amounts of coronal gas, which produces what is
known as a coronal mass ejection.22'23 If this plasma cloud
(enhanced solar wind) is directed toward the Earth and im-
pacts on the Earth's magnetosphere, it affects conditions in
the magnetosphere and upper atmosphere.24 Figure 9 contains
a photograph of a coronal mass ejection (large bright feature
on left) observed during its passage through the outer corona.
The other bright, nearly radial, features are streamers (e.g.,
features on the right) which overlie large-scale magnetic bipo-
lar regions. This photograph was acquired by the Skylab
white-light coronagraph which had an occulting disk which
blocked the solar emission out to 1.5 solar radii from
suncenter.

Figure 10 illustrates how the number of flares varied during
the last solar cycle.5 Optical flares are flares that are observed
in visible light with a telescope that has a filter which permits
observation of the chromosphere via emission from the hydro-
gen Ha line at 6563 A. The chromosphere is a thin layer of the
solar atmosphere between the visible surface of the sun (pho-
tosphere) and the hot corona. Most flares do not emit measur-
able amounts of white-light radiation; they are best observed
in emissions from the chromosphere or corona. As indicated
earlier, flares emit strong x-ray emission. Figure 10 shows the
number of class X flares (large x-ray fluxes) and the number of
class M flares (moderate x-ray fluxes). The figure also gives
the number of high-energy proton events (proton flux at the
Earth > 10 cm-2s-2sr~1 for protons with energy> 10 MeV).

The remaining graph in Fig. 10 gives the number of geomag-
netic storms as a function of time in cycle 21. These are usually
caused by high-speed solar wind streams generated by coronal
mass ejections and by coronal holes.25 The frequency of oc-
currence of coronal mass ejections is about an order of magni-
tude larger at solar maximum than at solar minimum.26'27

These ejections produce solar wind streams with speeds rang-
ing from several hundred kilometers/second to over 1000

LACIERS I I IluJU
Fig. 5 Interpretation of radiocarbon measurements from tree rings
as an indicator of solar activity.8

Fig. 6 Babcock's model for the sunspot cycle 10

Fig. 7 Skylab EUV spectroheliograms and a Kitt peak magnetogram on the lower right (courtesy NRL and KPNO).
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Fig. 8 Skylab x-ray photograph of the sun. Fig. 9 Large coronal mass ejection.
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Fig. 10 Solar and geomagnetic activity parameters from cycle 21.5

km/s. As mentioned earlier, coronal holes produce high-speed
solar wind streams with characteristic speeds of 700 km/s. Be-
cause long-lived (months) equatorial coronal holes tend to
form at times other than solar maximum, particularly during
the declining phase of the solar cycle, they are a major source
of recurrent geomagnetic activity then 28 (recurrent because of
the 27-day rotation rate of the sun).

Observations of the Current Solar Cycle
The current solar cycle, designated solar cycle 22, has at-

tracted much attention because of its extremely rapid early
rise, and because of some predictions that it will have a large
to exceptionally large maximum.5 The rapid rise is significant,

because in the past rapid rises in the sunspot number have
tended to be associated with larger maxima. Figure 11 shows
the early rise of cycle 22 as measured by the smoothed sunspot
number and smoothed 10.7-cm radio flux (points).29 Also
plotted as solid lines are the corresponding values for cycles
8-21 (sunspot number) and cycles 19-21 (10.7-cm flux). Cycle
19 had the largest maximum on record. Cycle 22 has been an
exceptional cycle thus far, because during its entire early rise
phase its solar indices have been equal to or larger than ob-
served in previous cycles. Because of this unprecedented be-
havior, it is difficult to predict how it will behave in the future.
One prediction is shown by the short dash curve (with the long
dash cuves defining the 90% prediction interval). We discuss
this and other predictions in the following section.
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Fig. 11 Rise of cycle 22 compared to earlier cycles (courtesy NOAA Space Environment Lab).29

Table 1 Observed9percentage of occurrence
for maximum spot number > /?max
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8
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sunspot data from cycles 10-21

lx (normal distribution)
2.1
6.1
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91.5

6

Solar Cycle Predictions
Prediction of future behavior of the sun has practical im-

plications since solar activity affects the terrestrial environ-
ment, especially in the regions where spacecraft operate.24 For
example, the schedule for using the Shuttle to reboost the
Hubble Space Telescope (HST) to a higher orbit depends on
the height of HST's initial orbit and the magnitude of its at-
mospheric drag, which is very sensitive to solar activity.
Scheduling the recovery of spacecraft by the Shuttle also de-
pends on the rate of orbital decay of the spacecraft. A high
solar maximum means that orbits of spacecraft such as the
long duration exposure facility (LDEF) and the solar maxi-
mum mission (SMM) are decaying faster than for a normal
cycle.

Prediction of the long-term behavior (months, years) of the
solar cycle is difficult because of the its irregularity (e.g., Fig.
2) and due to the lack of a quantitative theory for solar-stellar
activity cycles. At the present time, the only way that we can
predict the future behavior of the sun is by making use of clues
provided by is past behavior. Consider the problem for predic-
ting the magnitude of the sunspot number at the maximum of
the current cycle. The basic difficulty is that reliable sunspot
numbers exist for only the last 12 cycles. These provide insuf-
ficient data to predict unambiguously the future behavior for
a phenomenon which is so irregular. Data for many more
cycles must be acquired to establish the long-term modulation
in the amplitudes of the individual cycles. It is interesting to
note that three out of the last four cycles are among the half-
dozen largest cycles observed since 1610. Given this, and the

rapid rise in the current cycle, we could be experiencing a
period when solar activity tends to be higher than normal.

At the present time, there are no reliable long-range
methods of predicting solar activity. The difficulty of doing
this is illustrated by the wide range of predictions made for the
last solar cycle. Figure 12 shows predictions for the magnitude
of the sunspot number at solar maximum for cycle 21 varied
from 30 to over 200.30 The observed value was about 160. A
zero-order approach to the prediction problem is to assume
that all sunspot cycles are independent. Then the probability
for having a maximum sunspot number R>Rmax can be esti-
mated from historical data. Table 1 gives the observed percen-
tage of occurrence for the sunspot number at maximum hav-
ing a value larger than Rmax. Column 2 gives the observed
percentages and the third column gives the percentages ex-
pected for values of Rmax that are normally distributed. The
data used for constructing the table are from the 12 most re-
cent sunspot cycles, 10-21. Data prior to 1850 are less relia-
ble.4 The mean value of Rmax is 116.4 with a standard devia-
tion of 41.2. If one has no other information, then Table 1
provides an estimate for the probability for the current cycle,
cycle 22, having maximum sunspot numbers equal to or larger
than a given value.

The zero-order approach ignores other information that is
contained in the historical record. In particular, it ignores the
fact that there is a correlation between the sunspot numbers at
times t{ and t2 in a cycle. For example, as mentioned earlier,
cycles with rapid rises tend to have larger maxima than aver-
age. The zero-order approach also ignores other trends in the
historical record, such as the observation than even-numbered
cycles tend to have different shapes and lower maxima than
odd-numbered cycles. Many authors have used a variety of
statistical techniques to determine trends in the sunspot
record.4'6'30'31 For example, there is some evidence for an
80-100-yr modulation.32 However, given the reliable sunspot
numbers are available for only about 140 yr, it is difficult to
obtain statistically reliable information about long-term
periodicities in the historical record. Proxies for the sunspot
number (e.g., auroral observations, ancient naked eye
sightings of sunspots, 14C/12C ratios in tree rings) can be used
to extend the length of the record.8 However, the uncertainties
in these proxies are sufficiently large that they do not provide
a reliable basis for predicting future behavior of the solar ac-
tivity cycle.



400 G. L. WITHBROE J. SPACECRAFT

Another class of techniques for predicting the magnitude of
a solar maximum are the precursor techniques.30 These tech-
niques are based on the assumption that the behavior of the
solar magnetic field in cycle TV determines the conditions in cy-
cle (7V+ 1). For example, one may correlate some geomagnetic
index during solar minimum (or during the previous solar cy-
cle) with the magnitude of the sunspot number at the follow-
ing maximum. This makes the additional assumption that
there is a casual relationship between the behavior of the speci-
fied geomagnetic index and the behavior of the solar magnetic
field (which is communicated to the Earth via the solar wind).
One can also derive correlations between the solar cyclic be-
havior of selected solar features in cycle TV with the magnitude
of the following solar maximum. These correlations and meas-
urements of the behavior of the specified index during the last
solar cycle can then be used to estimate the magnitude of the
next solar maximum.

Figure 12 illustrates the wide range of predictions made for
the maximum sunspot number during the last solar cycle (cycle
21). The solid bars are predictions from statistical methods
and the cross-hatched bars are from precursor methods.30 The
observed maximum sunspot number and the ± 10% values are
plotted as horizontal lines. The precursor methods were more
successful than the statistical methods for cycle 21. However,
one test does not prove that these methods work. Since there
was such a wide range of predictions, spanning nearly the full
range of sunspot numbers that have been observed in the past,
one would expect some of the techniques to yield the correct
value by pure chance.

For relatively short-range predictions (up to about 12
months into the future), the McNish-Lincoln technique33 is
often used. This technique depends on the following assump-
tions: 1) that to a first approximation, a future value of the
sunspot number R at TV months after sunspot minimum is the

CYCLE 21

Fig. 12 Predictions for mean sunspot number at maximum of last solar cycle.
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mean <R(N)> from proceeding cycles, and 2) a correction
proportional to the sum of the departures A/?(N/) for all
months from minimum to month /:

where

AR(Ni)=R(Ni)-(R(Ni))

Thus, one uses differences between available monthly
smoothed sunspot numbers for the current cycle and the corre-
sponding means (determined from earlier cycles) to estimate
the difference from the mean of the sunspot number at a
future time N months after minimum. This method is intended
to give predictions up to about a year beyond the last observa-
tion, although it can be used to predict the magnitude of solar
maximum. Figure 13 compares the predicted and observed
sunspot numbers from the most recent (at the time this review
was prepared in January 1989) Solar-Geophysical Data.34 A
McNish-Lincoln prediction for the entire cycle is shown in
Fig. 11 (dashed curves).29

There are a wide range of predicted values for the maximum
sunspot number in cycle 22, ranging from less than 40-200 (see
Table 2 and Brown and Simon30). Table 2 summarizes a
number of predictions. For the precursor techniques, we have
used primarily recent values. For the statistical techniques, we
give the mean of the values quoted by Brown and Simon30 and
several more recent results. Based on the data available in
early 1989, it appears that the values in Table 2 that are based
on statistical techniques (other than McNish-Lincoln) will
underestimate the magnitude of cycle 22. As mentioned ear-
lier, the statistical techniques also underestimated the magni-
tude of cycle 21. The values predicted for cycle 22 by the pre-
cursor techniques still appear to be viable. Taken as a group
with equal weighting they yield an estimate for the mean sun-

Table 2 Predictions for solar cycle 22 (smoothed sunspot number)

Author
Brown

Brown

Kane

Lantos and

Reference
35

35

36

37

Technique
Precursor

Precursor

Precursor

Precursor

Cycle 22 Error,
prediciton 2o

174 35

175 35

165 35

110 40
Simon

Sargent 38 Precursor 119 50

Schatten and
Sofia

Thompson

Wilson

Wilson

Wilson

Lindberg

NOAA/NESDIS

NOAA/SEL

Brown and
Simon

Wilson

Wilson

40

41

42

43

43

44

34

45

30

6

46

Precursor

Precursor

Precursor

Precursor

Precursor

McNish-Lincoln

McNish-Lincoln

McNish-Lincoln

Statistical

Statistical

Statistical

170

163

145

154

164

179

192

203

100

107

75

50

none

8

70

40

—

51

52

45

73

49

spot number at maximum of 154 ±45 (2a). Since the uncer-
tainties in the McNish-Lincoln prediction decrease with de-
creasing time between the time of the last sunspot data and the
time of maximum, it ultimately will provide the most reliable
prediction. The January-February 1989 NOAA predictions
with the McNish-Lincoln technique (Table 2) yield
7?max = 198±52 with maximum occurring in about February
1990. Taken together, the precursor and McNish-Lincoln pre-
dictions, along with the rapid rise of cycle 22, indicate that this
cycle will have moderate to high levels of activity. There is a
finite probability, as large as 10-20% or more, that cycle 22
may be exceptional and have a sunspot maximum larger than
that in 1957-1958 during cycle 19, which had the largest sun-
spot maximum on record. Evidence for this is the rapid rise in
cycle 22, the high levels of activity in December and January
(only 5 months in cycle 19 had 10-cm fluxes larger than the
January 1989 value, P. Mclntosh, private communication),
and the current McNish-Lincoln predictions, which predict
near record levels (and whose uncertainty limits include the
possibility of larger or smaller levels; see Fig. 11).

A final note of caution: It must be emphasized that all of
the proceeding predictions depend in some way on correla-
tions between some parameter (or set of parameters) and the
magnitude of solar maximum. Apparently good correlations
between two phenomena do not necessarily prove that the
phenomena are causally connected.

Summary and Conclusions
The solar output of short-wavelength radiation, solar wind,

and energetic particles depends strongly on the solar magnetic
cycle. Because of the effects of these outputs on the in-
terplanetary and terrestrial environments, it is desirable to pre-
dict the future behavior of the magnetic cycle. However, this is
difficult due to the lack of a suitable quantitative theory for
this cycle, its irregularity, and the small number of cycles for
which reliable measurements of relevant solar indices exist. In
spite of these limitations, there are indications that the current
cycle will have moderate to exceptionally high levels of activ-
ity. These indications are based on 1) the exceptionally rapid
rise of cycle 22 in the past 2 yr (and the correlation between
rapid rise rates and high maxima in the past cycles) and 2) the
behavior of solar or geomagnetic phenomena during the decay
of cycle 21 (and the correlation between these phenomena and
the magnitude of subsequent solar maxima in past cycles).
Given these results, we can expect that during the next few
years the solar flux of short-wavelength radiation and particles
will be more intense than normal, and the spacecraft in low
Earth orbit will re-enter earlier than usual.
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