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March 2012 brought the first solar and geomagnetic disturbances of any note during solar 10 

cycle 24.  But perhaps what was most remarkable about these events was how 11 

unremarkable they were compared to others during the space age, attracting attention only 12 

because solar activity had been so quiet.   This follows an exceptionally low and long-lived 13 

solar cycle minimum, and so the current cycle looks likely to extend a long-term decline in 14 

solar activity that started around 1985 and that could even lead to conditions similar to the 15 

Maunder minimum within 40 years from now, with implications for solar-terrestrial 16 

science and the mitigation of space weather hazards and maybe even for climate in certain 17 

regions and seasons.    18 

Predictions of the peak sunspot number during solar cycle 24 (SC24), made before it began, 19 

ranged from 42 to 185 [Pesnell, 2008] - a wide variation considering that observed values for 20 

SC13 to SC23 were between 65 and 208 (see Table).  However, the minimum between SC23 and 21 

SC24 was, at least compared to other recent cycle minima, unusually deep and long-lived and 22 

solar activity has subsequently been very slow to recover.  This can be interpreted in two ways: 23 

that SC24 will be similar to its predecessor but had an unusually delayed start, or that it started as 24 

usual but is weak.   This discussion has important implications for solar and solar-terrestrial 25 

science and for the mitigation of space weather effects such as damage to and malfunction of 26 

satellite and aircraft electronics [Dyer et al., 2003], health hazards in space [Lockwood and 27 

Hapgood, 2007] or during transpolar flights [Mertens et al., 2010; Barnard et al., 2011], and 28 



disruption to power distribution networks [Hapgood, 2011]: in addition, all of the above have 29 

potential knock-on effects of lost service and lost industrial production and are of concern to the 30 

insurance and re-insurance industries [Hapgood and Thompson, 2010].   A weak cycle would be 31 

part of a long-term decline that began in 1985 [Lockwood and Fröhlich, 2007] that could return 32 

solar activity to levels last seen during the Dalton minimum (c. 1790-1830), or even the Maunder 33 

minimum (c.1655-1715) [Lockwood et al., 2011]. Lockwood [2010] estimated that the 34 

probabilities of a return to Maunder minimum conditions within 40 and 150 years are 8% and 35 

45%, respectively. 36 

Long-Term Solar Change 37 

Despite great advances in our understanding of the solar interior, made using the 38 

helioseismology technique, we do not yet have a predictive model of the solar dynamo [Weiss 39 

and Thompson, 2009].  As a result, we have to rely on analogue forecasts of solar activity based 40 

on past experience. Forecast skill is enhanced if longer data sequences are used as they increase 41 

the chance that the full range of potential behaviours has been included.  The longest relevant 42 

data series come from cosmogenic radionuclides such as 
14

C and 
10

Be.  These isotopes are 43 

produced by the bombardment of Earth’s atmosphere by Galactic Cosmic Rays (GCRs) and are 44 

subsequently stored in terrestrial reservoirs, such as tree trunks and ice sheets.  Earth is shielded 45 

from GCRs by the “open” solar magnetic field which is dragged out by the solar wind to 46 

surround the entire solar system and which rises and falls in response to solar activity [Lockwood 47 

et al., 2009].  Hence, by measuring the cosmogenic isotope abundances in dateable cores taken 48 

from these reservoirs, the variation of solar activity over past millennia can be studied.  The 49 

sunspot number R is an indirect measure of the magnetic flux generated by the solar dynamo 50 

which emerges through the solar surface.  The open flux is the part of this emerged flux that also 51 

threads the top of the solar atmosphere and enters the heliosphere giving the interplanetary 52 



magnetic field (IMF). Sunspot number can be used to quantify the rate at which open flux is 53 

produced and the loss time constants are such that open solar flux and the IMF not only vary 54 

over the solar cycle, but also show long-term variability from one cycle to the next [Lockwood et 55 

al., 1999; Solanki et al., 2000; Owens and Lockwood, 2012], with a considerable degree of 56 

predictability over several cycles [Lockwood et al., 2011].  57 

From 
10

Be abundances, Steinhilber et al. [2008] generated a composite reconstruction of 40-year 58 

means of the heliospheric modulation potential 40 over the past 9300 years; these have been 59 

interpolated to the 25-year values 25  shown in figure 1 using cubic splines.  This is a measure 60 

of the solar shielding of GCRs and is highly correlated with 25-year means of open solar flux, 61 

sunspot number and other solar activity indicators, including the aa geomagnetic activity index.  62 

Recent decades form one of 24 peaks in these 25 data which are termed “Grand Solar Maxima” 63 

(GSMs).   Abreu et al. [2008] noted that the recent GSM has lasted longer than any other in this 64 

record and deduced that its end was overdue, a conclusion supported by Lockwood et al. [2009] 65 

from the trends in open solar flux and historic geomagnetic activity data.  The yellow dashed 66 

lines in figure 1 mark the ends of GSMs, defined to be when 25 exceeds 610 MV. 67 

The Long-Term Space Weather Forecast 68 

It is often stated that solar activity is inherently unpredictable, but Lockwood et al. [2011] have 69 

used autocorrelation functions to show that the persistence of open solar flux and the 70 

heliospheric modulation parameter is high enough to give some predictability over 3 or 4 solar 71 

cycles, sufficient to foresee the onset of a grand minimum in activity.  72 

Figure 2 shows a composite of the 25 values around the times of the GSM endings defined in 73 

figure 1. It can be seen that there is great variability in the behaviour and that after 2 of the 24 74 

GSMs, 25 fell to the Maunder Minimum level (the horizontal dashed line in figure 2) within 40 75 



years.  Extrapolation over the 12.5 years since the last available data point gives 25  at the recent 76 

minimum of the solar cycle to be 610 MV.  Adopting this to be the threshold for defining a grand 77 

maximum means that the recent GSM has just ended, provided that values of  in SC24 remain 78 

lower than the corresponding SC22 values at the same solar cycle phase (given that the 25-year 79 

running means 25 cover two solar cycles).  Data from neutron monitors show that this is 80 

definitely the case thus far during SC24, with GCR counts giving consistently and considerably 81 

lower  and so we can be increasingly confident that the recent GSM (defined using this 82 

threshold 25) has come to an end.   Lockwood [2010] used figure 2 to evaluate the probability of 83 

25 evolving to various levels by a given time.  Barnard et al. [2011] added decadal-scale solar 84 

cycles to these predictions by evaluating the variation of the fractional deviation of annual means 85 

1 from 25 (i.e., (125)/25) as a function of solar cycle phase, .  The value of   was predicted 86 

into the future by assuming all solar cycles will have the average duration of 11.1 years.  Hence 87 

for a predicted 25 and , the annual mean, 1, could also be predicted.   In addition, Barnard et 88 

al. extended the predictions to sunspot number using a linear regression between 25 and R25 and 89 

then applying the corresponding analysis of (R1R25)/R25 with .  They also predicted annual 90 

IMF values the same way.  91 

The coloured lines in the top panel of figure 3 shows the resulting predictions for annual mean 92 

sunspot number R, extending the observed record (in black) into the future. The other panels 93 

show the results of applying the same procedure to the near-Earth IMF field strength, B, the Oulu 94 

neutron monitor cosmic ray counts and the aa geomagnetic index, respectively. The aa index is 95 

compiled for 1868 onwards and direct observations of B from satellites are available only after 96 

1963.  Annual means of B have been derived from historic geomagnetic data [Lockwood et al., 97 

2009, Lockwood and Owens, 2011] and these are shown by the mauve line in the second panel 98 

and the mauve line in the third panel is the reconstruction of cosmic ray counts by Usoskin et al. 99 



[2002] that is also ultimately based on the geomagnetic data.  The predictions employ the 100 

threshold 25 of 610 MV (as discussed above) to define a GSM and assume that all future cycles 101 

last 11.1 years.  The coloured lines are for constant probabilities of R, B and aa being lower than 102 

the y-axis values, P[<R], P[<B] and P[<aa], respectively.  There is only a 5% probability of 103 

cycles maintaining an amplitude as large as SC23 (P[<R] = 95%, top, red line) and there is a 5% 104 

probability of reaching Maunder minimum levels within 40 years (P[<R] = 5%, bottom, blue 105 

line).  The most likely evolution is roughly midway between these two extremes.  The predicted 106 

cycles in B and aa are similar to those in R, but are superposed on a long-term decline which 107 

mirrors that in the open solar flux, as does the rise in cosmic ray fluxes.  108 

Comparison of The Present and Past Solar Cycles 109 

Which of the predicted future variations shown in figure 3 is consistent with the evolution of 110 

SC24 thus far?  To answer that question we have to define how far into the cycle we now are.  111 

Since the start of the regular observations of sunspot latitude in 1844 at Greenwich, the average 112 

value (<spots>, the centre of the “wings” in the famous “butterfly diagram” [Hathaway, 2010]) 113 

has evolved with solar cycle phase  in very similar manner in all cycles [Owens et al., 2011].  114 

To compute , the start/end time of each cycle is here taken to be when <spots> increases rapidly 115 

as the new-cycle, high-latitude spots first dominate over the old-cycle, low-latitude spots.  This is 116 

close to the time of minimum sunspot number but much easier to define accurately.  The points 117 

in figure 4(a) show monthly  <spots> as a function of , colour-coded by cycle number. The 118 

black line shows that SC24 is following the same variation if it is assumed to end early in 2019.   119 

From this, we estimate that we have now (1
st
 May, 2012) reached a cycle phase of   = 120.  120 

The Table shows that, on average, solar maximum has been at phase max =12519.  This yields 121 

a prediction that the peak of SC24 will be during calendar year 2012 and so could even have 122 

been reached already.   123 



The estimate of the cycle phase of   = 120  is supported by observations of the Heliospheric 124 

Current Sheet (HCS) tilt shown in figure 4(d). We here use the HCS tilt index devised by Owens 125 

et al. [2011], as derived from potential field source surface (PFSS) mapping of magnetograph 126 

data from the Wilcox Solar Observatory (WSO) magnetograph.  The index is defined as the 127 

fraction of source surface grid cells which have opposite field polarity (radial) field to their 128 

immediate longitudinal neighbours, thus quantifying the degree to which the HCS is warped. 129 

This index is only available for 1976 and after and so only covered cycles SC21-SC23 before the 130 

present one.  Figure 4(d) shows that the current phase of   = 120, as deduced from <spots>, is 131 

also consistent with the HCS tilt data, at least for SC21 onwards, as the recent HCS tilt is as high 132 

as was seen around the sunspot maxima of SC21, SC22 and SC23.  133 

The other indicator that can be used to define where we are in the current cycle is the polarity of 134 

the solar polar magnetic field.  The timing of the polar field reversal, relative to sunspot 135 

maximum,  was first observed during SC19 by Babcock [1959] using data from the Hale Solar 136 

Laboratory (HSL) magnetograph.  He noted that the average field emerging from the south solar 137 

pole reversed polarity between March and July 1957 and that in the north pole reversed in 138 

November 1958.  The12-month running mean of monthly sunspot number peaked in March 139 

1958, midway between these two reversals. Figure 5 employs the continuous data on the solar 140 

polar field available from WSO.  As noted by Babcock during SC19, the two poles do not 141 

reverse at exactly the same date, and the raw data are also complicated by a strong annual 142 

periodicity introduced by the annual variation in Earth’s heliographic latitude. Because of these 143 

two effects, the average polar field reversals are most readily seen by taking the difference 144 

between the north and south fields, (BNBS). In order to give the variations of this difference the 145 

same appearance in each cycle, thereby allowing easy comparisons, the upper panel of figure 5 146 

shows (BNBS) multiplied by p, where p = +1 for odd-numbered cycles and p = 1 for even ones: 147 

the variation of  p(BNBS) with solar cycle phase,  (determined the same way as in figure 4), is 148 



plotted in the top panel of figure 5 for the WSO measurements, which are made every 10 days. 149 

The area shaded gray is between the earliest (lowest ) reversal  which was seen during cycle 23 150 

(green line) and the latest possible reversal date which was the brief return to p(BNBS) = 0 151 

during cycle 22 (blue line). (However, notice that the best estimate of the reversal for cycle 22 152 

was at considerably lower ). The lower panel of figure 5 shows  pBNf and pBSf where BNf and 153 

BSf are the northern and southern polar field variations after they  have been passed through a 154 

20nHz low-pass filter to smooth them and remove the annual variation.  The vertical lines give 155 

the phases of the peaks in 12-point running means of monthly sunspot numbers. Red, blue and 156 

green are used to denote cycles SC21, SC22 and SC23 and black is for SC24, using the same  157 

estimates as in figure 4. Figure 5 shows that the polar fields during SC24 thus far have been 158 

weaker than they were in the corresponding phase of the previous 3 cycles. Using (BNfBSf) from 159 

the WSO data for SC21-SC23 and the corresponding data from Mount Wilson Observatory 160 

(MWO) for SC20, along with Babcock’s results from HSL for SC19, yields the estimates of the 161 

solar cycle phase of the mean polar field reversal, rev, given in the Table.  It is noticeable that for 162 

the odd-numbered cycles rev is  within 3 (which roughly corresponds to a month) of max.  163 

However for the even-numbered cycles the polarity reversal took place considerably after the 164 

cycle peak. A caveat must be placed on  the rev value for SC20 because the polar fields were 165 

very weak in this cycle, the reversal was extended in nature and the data were noisy which 166 

renders defining the reversal very difficult, even in filtered data. Nevertheless it appears that the 167 

mean polar field reversal lags the cycle peak by at least 18 (roughly 6 months) for these even-168 

numbered cycles.   169 

The solid black line in the lower panel of figure 5 shows that during SC24, the (filtered) northern 170 

polar field has declined steadily and is on the point of reversing at the time of writing (indeed, on 171 

20
th

 April 2012 the Hinode spacecraft team announced that it had reversed), whereas the polar 172 



field in the southern hemisphere (dashed black line) has not, as yet, shown any significant 173 

decline.  Figure 6 explains why this is occurring. The top panel shows the longitudinally-174 

averaged magnetic field as a function of latitude and time: it reveals the butterfly configuration 175 

where emerging field loops (and associated sunspots) are in a latitudinal band that migrates 176 

equatorward as each cycle progresses.  The plot also demonstrates the effects of both Hale’s 177 

magnetic polarity law (that the polarity of the leading spots is opposite in the two hemispheres 178 

and flips from one cycle to the next) and Joy’s law (that the trailing spots are at higher latitude 179 

than the leading spots).  It can be seen that the magnetic field of the trailing spot polarity 180 

migrates poleward (on a timescale of about 1 year) and reverses the polarity of the polar regions 181 

around the time of sunspot maximum.  It is noticeable that the field emerging in the southern 182 

hemisphere during the rising phase of  SC24 has been much weaker than in the north. This is 183 

confirmed by the second panel of figure 6 which shows that the area of sunspot groups in the 184 

southern hemisphere have been significantly lower than in the northern (the two became equal 185 

for the first time in SC24 during April 2012, on the far right of the plot).  Thus the flux emerging 186 

and migrating to the pole has been significantly lower in the southern hemisphere and hence 187 

SC24 has cancelled the polar field left by SC23 to a notably lesser extent in the south pole 188 

compared to the north.  The lower panel shows that the cycle onset (as defined by the sharp rise 189 

in <spots>) was later in the southern hemisphere and that southern spots have migrated 190 

equatorward to a significantly smaller extent.  Figure 6 also shows that all these features were 191 

also present for SC20, for which (rev  max) appears to have been large. Thus SC20 gives us an 192 

insight as to how SC24 is likely to evolve, with dominant southern hemisphere spots in the 193 

declining phase, a relatively long cycle, and possibly a complex and protracted polar field 194 

reversal which is considerably delayed after sunspot maximum. Note, however that SC24 is 195 

considerably weaker than was SC20 at the same phase. 196 



Figures 4(b) and 4(c) show that SC24 thus far is evolving in a similar way to the weak cycles 197 

SC13 and SC14 (red dots) in 12-month running means of both solar activity (as quantified by R) 198 

and the near-Earth IMF B (after 1965 in-situ spacecraft data are used, before then values are 199 

derived from geomagnetic activity as shown in figure 3).   The white lines in the middle and 200 

right-hand plots of figure 4 are the scaled means of R and B predicted by the method of Owens et 201 

al. [2011] from the average behaviour with  in previous cycles. Note that in the case of B, 202 

Owens et al. only used in-situ spacecraft data for after 1965 and for much of this interval there 203 

has been a downward drift in solar cycle means of B [Lockwood and Fröhlich, 2007]: this causes 204 

the predicted solar minimum around  = 360 to be lower than that around  = 0; i.e., a 205 

continuing decline is implicit in these predictions. Owens et al. estimated a cycle peak sunspot 206 

number Rmax of 6515 for SC24, consistent with the prior prediction from the weak solar polar 207 

fields by Svalgaard et al. [2005] but at the lower end of the distribution of other predictions 208 

[Pesnell, 2008].  The predicted peak in B is Bmax = 5.11.0 nT. The grey areas in figure 4 show 209 

the 1 uncertainty ranges around these predictions.  Figures 4(e) and 4(f) compare the Owens et 210 

al. predictions with 12-month running means of observations made thus far and with the 211 

predictions for SC24 made from cosmogenic isotopes shown in figure 3.  Both R and B for 212 

SC24, thus far, are most consistent with the blue curves (P[<R] and P[<B]   5-10%), which are 213 

consistent with Maunder minimum conditions forming within about 40 years.  The same 214 

conclusion is obtained from the corresponding plots of cosmic ray fluxes and geomagnetic 215 

activity (not shown).  It should, however, be noted that figure 4(b) illustrates how the average 216 

behaviour of sunspots may not be the best predictor for a weak cycle: the Table shows that max 217 

has generally been larger for cycles with lower Rmax (a tendency first noted by Waldmeier 218 

[1955]) and so the cycle peak could be slightly later and larger than estimated by Owens et al. 219 

from the average behaviour.  However, we note that Kane [2008] finds the Waldmeier effect 220 

gives only limited additional predictability to the peak sunspot number. 221 



Other indicators of solar activity confirm cycle 24 to be exceptionally weak. As for the near-222 

Earth IMF B shown in figure 3, the open solar flux and geomagnetic activity indices (such as aa 223 

shown in figure 3) have yet to rise significantly above the levels of even the minima SC21/SC22 224 

and SC22/SC23 and cosmic ray fluxes seen by high-latitude neutron monitors have only fallen 225 

slightly below the maxima seen at those times. 226 

Implications for Space Weather and Space Climate 227 

Hence all the indications are that SC24 is revealing a decline in solar activity at the end of a 228 

GSM that is unusually rapid compared to past examples the cosmogenic isotope record.   If this 229 

continued, the Sun would reach Maunder minimum conditions within just 40 years [Lockwood, 230 

2010]: as shown by figure 2, this has occurred after just 2 of the 24 GSMs in the last 9300 years.  231 

The implications of a continued decline would be that GCR fluxes at Earth will be greater than 232 

over recent decades but solar-driven space weather events would be less common: however, 233 

there are reasons to think that the Solar Energetic Particle (SEP) events that do occur may more 234 

severe than has been the case during the space age thus far [McCracken et al., 2007]. This is 235 

because the Alfvén speed in the heliosphere is lower if the magnetic field there is low. Therefore 236 

an event ejected into the heliosphere when the open solar flux is low has a higher Alfvén Mach 237 

number than an event ejected at the same speed when the open solar flux is high. It is predicted 238 

that the energised particle yield is greater when this Mach number is high and so, of two 239 

otherwise similar events, higher particle fluence will be seen in the case which follows an 240 

interval of lower solar activity.  There is some experimental evidence that supports this idea 241 

[Barnard and Lockwood, 2011; Barnard et al., 2011].   Our engineering solutions to mitigate 242 

effects of energetic particles (either galactic or solar in origin) have largely been based on past 243 

experience from the space age only. One of the key points about long-term space climate change, 244 



just as for the terrestrial effects of global warming, is that past experience will cease to be the 245 

best way of  arriving at optimum solutions.    246 

As an example of the effects of changing space climate, consider the exposure of passengers and 247 

crew to radiation on transpolar flights.  Allowed exposure limits vary from nation to nation, but 248 

the International Commission on Radiological Protection (ICRP) recommends a 20 mSv limit for 249 

the annual exposure of an occupational radiation worker and 1 mSv for the general public.  250 

Dosages during a flight depend on path, duration and altitude as well as solar activity.  Models 251 

such as QARM (which can run be online at http://qarm.space.qinetiq.com/) show that at the solar 252 

cycle peaks during the recent GSM, a round trip of two commercial 8-hour transpolar flights 253 

would have given a GCR dose of about 0.08 mSv.  Thus in excess of 12 such trips in a year 254 

would be needed to accumulate the maximum recommended dose for a member of the public. 255 

For most of the solar cycle minima during modern times this number fell to about 6 but in the 256 

recent low cycle minimum it was 4.5.  Barnard et al. [2011] show it would fall further to under 3 257 

for Maunder minimum conditions.  Although the number of people who undertake 12 such trips 258 

in one year is very small, the number making 3 or more will be significantly larger.  But of even 259 

greater concern are the SEP events.  Mertens et al. [2010] show that certain flights during the 260 

2003 “Halloween” SEP events would have been exposed to 70% of the recommended annual 261 

limit and it is estimated that the largest known event, the “Carrington event” of 1859, would 262 

have given up to 20 times the limit  [Cliver and Svalgaard, 2004].  We have no understanding of 263 

why the Carrington event was as large and geoeffective as it appears to have been, but we do 264 

know it occurred midway between the last grand minimum (the Maunder minimum) and the 265 

recent grand maximum and therefore it is possible we are now moving towards the same set of 266 

conditions that gave rise to such a large event. 267 



Implications for Terrestrial Weather and Climate  268 

A question which always arises (not least in the minds of many journalists) is “what would this 269 

decline in solar activity mean for climate change?”  The one undisputed way in which solar 270 

change would influence global climate at Earth’s surface is via a significant change in the total 271 

solar irradiance (TSI).  However, Jones et al. [2012] have used predictions of TSI equivalent to 272 

those for R, B and aa in figure 3 to demonstrate that even a return to Maunder minimum 273 

conditions will slow the anthropogenically-driven rise in global mean surface temperatures by 274 

only a very small amount.  The higher fluxes of GCRs reaching Earth would undoubtedly 275 

increase electrical conductivity below the ionosphere which would have some interesting (but 276 

difficult to predict) effects on the global thunderstorm electric circuit [Rycroft and Harrison, 277 

2011], potentially influencing some climate “teleconnections” between different regions, 278 

evidence for which was recently found by Harrison et al. [2011].  For over 60 years now, it has 279 

also been suggested that there is a mechanism whereby air ions generated by GCRs modulate the 280 

formation of cloud and, if these clouds were at low altitude, the predicted rise in GCR fluxes 281 

could slow of the global temperature rise or even turn it into a fall. (Note that the reverse effect 282 

would be caused by high-altitude cloud). However, it must be stressed that this is a very large 283 

“if” indeed as this mechanism remains highly controversial and would most likely have a 284 

significant effect only in very clean maritime air where there is a lack of other nucleation centres 285 

for the water droplets to grow on.  Initial results from the CERN Cloud experiment [Kirkby et 286 

al., 2011] have revealed some interesting effects of ionisation on very early droplet growth 287 

through sulphuric acid and biological material in the near-surface boundary layer; however, this 288 

is certainly not evidence for a similar effect, let alone a sufficient one, in the mid-altitude 289 

troposphere that could have climate implications.   290 



Therefore we still have no evidence that there could be a significant solar effect on global scales 291 

[see review by Lockwood, 2012]; however, that is not to say that there may not be effects in 292 

certain regions and certain seasons. In particular, there is growing evidence that regional climates 293 

around the north Atlantic in winter may be particularly influenced by the level of solar activity, 294 

with lower solar activity giving increased occurrence of jet stream “blocking” events  and colder 295 

winters in Europe but warmer ones in Greenland [Woollings et al., 2010].  The mechanism 296 

appears to involve stratospheric wind changes [Ineson et al., 2011] induced by long-term 297 

changes in either solar UV emissions [Lockwood  et al., 2010b] or the catalytic destruction of 298 

ozone by energetic particles [Seppälä et al., 2009], or both.  Lockwood et al. [2010a] have used 299 

temperature data extending back to the Maunder minimum to infer a statistically significant, 300 

influence of the solar activity level on the occurrence of cold winters in the UK.  301 

The Outlook 302 

In conclusion, the Sun does appear to be very quiet in solar cycle 24.  The long and low solar 303 

cycle minimum that preceded it [Lockwood, 2010] is part of a decline in solar activity that began 304 

in 1985 [Lockwood and Fröhlich, 2007] and a weak cycle 24 would be a continuation of this 305 

decline. Weak cycles do tend to peak later than strong ones and the March 2012 storm may yet 306 

presage a rise in activity that means the decline is not as rapid as it appears to be at the present 307 

time.  Nevertheless, it is becoming apparent that some degree of space climate change is 308 

underway. As well as offering solar and solar-terrestrial scientists a chance to understand the 309 

long-term fluctuations of the solar dynamo, this presents a space-weather engineering challenge 310 

as past experience built up during the space age cannot be assumed to apply as the Sun exits the 311 

recent grand maximum.  As disciplines, solar and solar-terrestrial science have sometimes been 312 

accused of  “doing more of the same” – a unfair accusation that ignored the great advances made 313 

in instrumentation, observation techniques, numerical modelling and physical understanding, but 314 



one that now looks particularly short-sighted.  The changes in the Sun that are now underway, 315 

along with observing opportunities such as Solar Orbiter, Solar Dynamics Observatory, 316 

STEREO, and the wide variety of terrestrial observations, mean that scientists now have an 317 

exciting chance to understand the longer-term variability of the solar dynamo and its effects.  318 

Early detection and understanding of changes in space climate will remain important because 319 

they impinge on the design and safe operation of the many man-made systems that are 320 

influenced by space weather. 321 
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Table.  The start/end dates of solar cycles as determined by Owens et al. [2011]. The dates, 331 

magnitudes (Rmax) and phases (max) of the peaks in 12-month running means of the sunspot 332 

number are given. The phases of the polar field reversals (rev) are derived from magnetograph 333 

data from HSL (SC19), MWO (SC20) and WSO (SC21, SC22 and SC23).   334 

Cycle 
number 

Start  
Date 

End  
Date 

Length 
(yrs) 

Date of 
maximum 

Rmax 
max  

(deg) 
rev  

(deg) 

SC13 1889.5 1901.2 11.7 1894.1 89 141  

SC14 1901.2 1913.7 12.5 1906.1 65 141  

SC15 1913.7 1923.5 9.8 1917.6 105 143  

SC16 1923.5 1934.0 10.5 1928.2 78 163  

SC17 1934.0 1944.3 10.3 1937.3 121 116  

SC18 1944.3 1954.6 10.3 1947.4 152 109  

SC19 1954.6 1965.0 10.4 1958.2 203 123 121 

SC20 1965.0 1976.6 11.6 1968.8 111 119 15045* 

SC21 1976.6 1986.7 10.1 1980.0 165 121 124 

SC22 1986.7 1996.8 10.1 1989.6 159 103 121 

SC23 1996.8 2009.0 12.2 2000.1 122 103 100 

SC24 2009.0 2019.0* 10*** 2012.50.5** 59 12519** >120 

* uncertain as polar fields are weak, the reversal is extended and noise in data is high 

** from mean  one standard deviation of max of cycles 13 to 23 

*** estimated from figure 4a 
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 426 

Figure 1. The composite of 25-year means of the heliospheric modulation parameter, 25, 427 

derived from 
10

Be abundances in ice cores and modern neutron monitor data by Steinhilber et al. 428 

[2008]:  quantifies the shielding of the Earth from Galactic Cosmic Rays (GCRs) by the Sun.  429 

The areas shaded red are Grand Solar Maxima (GSMs), defined to be when 25 exceeds the 610 430 

MV.  The yellow dashed lines mark the ends of the 24 such GSMs detected in the 9300-year 431 

record. The Maunder Minimum is labelled MM. 432 

433 



 434 

Figure 2. Composite of the variations in 25 around the ends of the GSMs defined by the dashed 435 

yellow lines in figure 1 (at times to). The red curve is the variation for the recent GSM, 436 

extrapolated to the present day using neutron monitor data, and shows the recent decline which 437 

began in 1985. The horizontal dashed line is the level during the Maunder minimum. 438 

439 



 440 

Figure 3.  Observed past and predicted future variations of (from top to bottom): sunspot 441 

number, R; interplanetary magnetic field strength at Earth, B; cosmic ray counts by the Oulu 442 

neutron monitor; and the aa geomagnetic index. The black lines are monthly averages of 443 



observations (a 12-month running mean smooth has been applied to R and aa).  The mauve line 444 

in the second panel is the reconstruction of  annual means of B from geomagnetic data by 445 

Lockwood et al., [2009] and that in the third panel from the reconstruction of  by Usoskin et al. 446 

[2002].   The red-to-blue lines show predicted variations of annual means at various 447 

probabilities, made from the 9300-year cosmogenic isotope composite by Steinhilber et al. 448 

[2008] using the procedure developed by Lockwood [2010] and Barnard et al. [2011].  In the top 449 

panel the red to blue lines show the values of R which have a probability of being exceeded of 450 

P[R] = 1 - P[<R] = [0.05:0.1:0.95]. Corresponding predictions are given in the other two 451 

panels.    452 

453 



 454 

 455 

 456 
 457 

Figure 4.  Evolution of solar cycles.  (a). The variation of the monthly mean heliographic 458 

latitude of sunspots <spots> with the phase of the solar cycle, , for SC13 to SC23 (red to mauve 459 

dots). The black line shows SC24 data to date, for the best-fit length of this cycle of 10 years 460 

which yields  = 120 for 1
st
 May 2012 (vertical dashed line labelled P). (d) is the corresponding 461 

plot of Carrington Rotation means of the heliospheric current sheet tilt index (note these data are 462 

only available after 1976 and so cover SC21-SC24 only).    The other panels compare 12-month 463 

running means of predicted and observed variations for SC24:  (b) and (e) show sunspot number, 464 

R; and (c) and (f) show the near-Earth interplanetary magnetic field, B.   The white lines are the 465 

means predicted by the method of Owens et al. [2011] and the surrounding grey area is the 1 466 

uncertainty band.   The dots in (b) and (c) are the values for previous cycles and the red-to-blue 467 



coloured lines in (e) and (f) are the analogue forecasts from cosmogenic isotope data, as 468 

presented in the top two panels of figure 3.   469 

470 



 471 

Figure 5.  Solar polar fields observed by the magnetograph at Wilcox Solar Observatory (WSO) 472 

during solar cycles 21-24. The top panel shows the difference between the two polar fields,  473 

p(BNBS) as a function solar cycle phase (, determined as in figure 4), where BN and BS are the 474 

average fields seen over the north and south solar poles, respectively, and  p = +1 for odd-475 

numbered cycles  p = 1 for even ones.  The reversals all occur within the grey band and the 476 

phases of the peak sunspot number in 12-month running means are given by the vertical lines.  477 

The lower panel shows  pBNf (solid lines) and pBSf (dashed lines) as a function of  where BNf 478 

and BSf  are the BN and BS data that have been passed through a 20nHz low-pass filter.  In both 479 

panels, red, blue, green and black denotes solar cycles SC21, SC22, SC23 and SC24, 480 

respectively.   481 

482 



 483 

Figure 6. Comparison of sunspot activity in the north and south solar hemispheres. The top 484 

panel is the “magnetic butterfly diagram” and shows the longitudinally-averaged magnetic field 485 

measured by the Kitt Peak Observatory (KPO) magnetograph as a function of latitude and time 486 

(plot courtesy of D. Hathaway, NASA/Marshall Space Flight Center).  The middle panel shows 487 

the total area of sunspot groups and the lower panel the mean latitude of the spots. In both of the 488 

lower panels, blue is for the northern hemisphere and red is for the southern.   489 


