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The Sun’s variability is controlled by the progression and interaction of the magnetized systems that form the 22-year magnetic activity cycle (the “Hale Cycle”) as they march from their origin at ∼55° latitude to the equator, over ∼19 years. We will discuss the end point of that progression, dubbed “terminator” events, and our means of diagnosing them. In this paper we expand on the Extended Solar Cycle framework to construct a new solar activity “clock” which maps all solar magnetic activity onto a single normalized epoch based on the terminations of Hale Magnetic Cycles. Defining phase 0*2π on this clock as the Terminators, then solar polar field reversals occur at ∼ 0.2*2π, and the geomagnetically quiet intervals centered around solar minimum start at ∼ 0.6*2π and end at the terminator, thus lasting 40% of the cycle length. At this onset of quiescence, dubbed a “pre-terminator,” the Sun shows a radical reduction in active region complexity and, like the terminator events, is associated with the time when the solar radio flux crosses F10.7 = 90 sfu. We use the terminator-based clock to illustrate a range of phenomena that further emphasize the strong interaction of the global-scale magnetic systems of the Hale Cycle: the vast majority, 96%, of all X-flares happen between the Terminator and pre-Terminator. In addition to the X-rays from violent flares, rapid changes in the number of energetic photons—EUV spectral emission from a hot corona and the F10.7 solar radio flux—impinging on the atmosphere are predictable from the Terminator-normalized unit cycle, which has implications for improving the fidelity of atmospheric modelling.
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1 INTRODUCTION
Sunspots have been considered the canon of solar variability since Schwabe (1844) first noticed the 11-year or so oscillation in their number. Schwabe inspired Wolf to make his own daily sunspot observations (Wolf, 1861) and then extend the record back another 100 years using the earlier observations of Staudacher 1749 to 1787, Flaugergues from 1788 to 1825, before Schwabe’s 1826 to 1847 record (e.g., Arlt, 2008; Hathaway, 2015). Wolf then numbered the (complete) cycles from his first minimum in 1755–56; the Cycle 24 minimum was recently announced as occurring in December 2019 and we have already witnessed the first activity of Cycle 25. We know the recent sunspots “belong” to Cycle 25 because the leading polarity spot of each cycle alternates, and at approximately the maximum of each sunspot cycle, the orientation of the Sun’s dipole magnetic field flips. The more fundamental period of solar activity is thus the 22-year magnetic cycle, or “Hale cycle” after Hale et al. (1919); McIntosh et al. (2021).
In the century since Hale’s pioneering work, much effort has been put into modeling the solar cycle (Babcock, 1961; Leighton, 1969) and forecasting the number of spots, culminating in official NASA and NOAA prediction panels (Joselyn et al., 1997; Pesnell, 2008; Biesecker and Upton, 2019). These reports were issued at the minimum of their preceding cycles.
Recently, we introduced the concept of the “Terminator,” as a new, physically-motivated, means of timing the onset of solar cycles (McIntosh et al., 2019; Leamon et al., 2020). The canonical measure, the (committee-defined) minimum of the sunspot number, is physically arbitrary (McIntosh et al., 2021, 2020). sunspot minimum is defined during an epoch where the cumulative effect of four simultaneously decreasing and increasing quantities—the number of new and old cycle polarity spots in each hemisphere as the magnetic systems on which they exist—(significantly) overlap in time. Considering a precise date—identically when there is no more old cycle polarity flux left on the disk—a terminator marks the end of a Hale magnetic cycle. Terminators are inextricably linked to the evolution of the “Extended Solar Cycle” (hereafter ESC Leroy and Noens, 1983); as a proxy of the Hale Cycle, and illustrate that there is far more complexity to the Sun’s magnetism than sunspots—the global scale interaction of the Hale Cycle’s magnetic systems shape the output of our star and its evolution. We are just beginning to explore the expressions of this behavior.
As much as the Terminator signified the end of a Hale Cycle and was an integral part of the ESC narrative, the sunspot cycle story, and produced step-like increase in general solar activity, Chapman et al. (2020) identified an previously unnoticed step-like decrease in activity measures. We will demonstrate that bands model of McIntosh et al. (2014) can explain the occurrence of not just the terminators but also a “pre-Terminator,” on the decline phase, in a “clocked” unit solar cycle, replacing the 11-year cycle by a “solar cycle activity phase,” all explained by landmarks of the 22-year Hale Magnetic Cycle. We will show that the time of the pre-terminator is marked by the last X-class flare of a cycle, a change in complexity of active regions, and a stepwise decrease of EUV spectral irradiance from the million degree corona. The reversal of the polar field also occurs at a fixed point in this (unit) cycle.
The title of this paper reflects our views on the regularity of solar activity. We do not concern ourselves here with the dynamics of the deep solar interior—whether (e.g., Dicke, 1978; Russell et al., 2019) or not (e.g., Hoyng, 1996) there is a “regular deep-seated chronometer” at or below the solar tachocline, or too greatly with the dynamo itself. Rather, as we shall see, the observed magnetic, radiative, and eruptive activity that arises from our star’s dynamo action is coherent within each activity cycle, and results from the overlap of two ESCs (Hale Cycles) providing very strong observational evidence that the global-scale magnetism and its interactions controls the manifestation of solar activity.
(McIntosh et al., 2021) which may be viewed as a companion paper illustrates how the ESC was revealed (Wilson et al., 1988; Harvey, 1992; Wilson, 1994), and our recent efforts to revise and extend the ESC concept by comprehensively studying the observed patterns of magnetic solar activity from filaments, coronal emission lines, the rush to the poles, and the torsional oscillation, in addition to the counting of spots. Here we expand on the ESC framework of Wilson and our preceding work, including the concept of the Terminator, to explain the Activity Cycle as a clock, albeit one whose hour hand moves at a different rate every revolution, but at a consistent rate within that revolution (i.e., 11-or-so-year activity cycle), and whose landmarks are explained by the actions and interactions of the overarching, overlapping, 22-year Hale Magnetic Cycles.
2 RESULTS: THE MODIFIED SUPERPOSED EPOCH ANALYSIS (MSEA)
In this paper we revisit and extend the work of Chapman et al. (2020), Leamon et al. (2020) and McIntosh et al. (2021). The latter two papers used Charles Chree’s concept of Superposed Epoch Analysis (SEA; Chree, 1913) to statistically stack a host of disk features using the previously identified terminators as the “key time.” Going a step further, and leveraging Chapman’s discovery of the unit circle, we now seek to normalize the timeframe between terminators before applying the SEA methodology to explore how other phenomenology statistically stacks up to see what patterns are revealed. Hereafter, we’ll refer to this analysis as modified SEA, or mSEA.
In the following subsections we will apply the mSEA methodology to global solar magnetic field parameters, X-flare productivity, active region complexity, and coronal emission of the Sun.
2.1 Wilcox Solar Observatory: Solar Magnetic Fields
We first turn our attention to the large-scale solar magnetic fields, as measured by Stanford’s Wilcox Solar Observatory. As a matter of course, they produce synoptic measurements of the Sun’s magnetic field, as observed at the photosphere, the coronal magnetic field as calculated from photospheric field observations using various potential field models, and the tilt angle of the Heliospheric Current Sheet as deduced from the coronal extrapolations. We shall focus here on the polar field strength, and the lower moments of the multipole field expansion (Schatten et al., 1969; Scherrer et al., 1977).
Figure 1 shows the time history of the total dipole, quadrupole and octupole moments over the whole Wilcox record. The 11-year cyclic nature of the dipole moment is clear (and not at all surprising). The dashed lines represent the Terminators, as defined by McIntosh et al. (2019) and Leamon et al. (2020). As solar activity jumps up at the terminators, we see the dipolar moment drop, on its way to a minimum at the solar maximum polar field reversal, and an uptick in the quadrupole moment. The solar dynamo does not really suddenly gain a quadrupole or higher multipole moment with the onset of activity; rather one should think of the higher orders as (averaged) interpretations of the complexity of the active region magnetic fields. The interesting feature in Figure 1 beyond the expected cycling behavior is marked by the dotted lines, which represent the “pre-Terminators” as defined by Chapman et al. (2020), and correspond to a sharp drop (to virtually zero) in the number of X-flares and strong (high-aa index) geomagnetic storms. Based on aa, they determined the Cycle 24 pre-terminator to be in August 2016. We shall return to further analyses of X-flare production in the next section. Figure 1 shows that the dashed Terminators and dotted pre-Terminators bracket periods of higher quadrupole moment and higher variability in the quadrupole and octupole moments.
[image: Figure 1]FIGURE 1 | Evolution of the solar dipole and multipole components from the Wilcox Solar Observatory expansion of the coronal magnetic field. Dashed lines represent terminators; dotted lines represent the pre-terminators. The red arrow corresponds to the Halloween Storms of 2003—note the drop in dipole moment (top panel) with no parallel in any other cycle.
The top two panels of Figure 2 show the same dipole and quadrupole moment data as Figure 1, but now expressed following mSEA analysis (Chree, 1913; Leamon et al., 2021). Each of the five (partial) cycles 20–24 has its own trace in Figure 2, and the first half of the plot repeats so that the terminators, the main objects of focus, are not at the edges of the plot. Note that expressing cycle progression as a fraction of their length requires the terminator of cycle 24 to be hard-wired. For the interests of this paper it is set to December 2021, based on monthly mean F10.7 observations exceeding the F10.7 = 90 sfu threshold that is a good approximation to both the terminators and pre-terminators Chapman et al. (2020).
[image: Figure 2]FIGURE 2 | (Top, middle) Modified Superposed Epoch Analysis version of the Wilcox magnetic field expansion data of Figure 1. (bottom) Modified Superposed Epoch Analysis of the solar polar field as measured by Wilcox from 1976-present. Plotted is the average of the North and South polar apertures, (N–S)/2, and again with flipped sign. The dotted line at x = 0.2 corresponds to the polar field reversal (canonical max; labeled “R”), consistent across all five cycles; the dotted line at x = 0.8 corresponds approximately to canonical solar minimum (labeled “m”; and the dotted line at x = 0.6 corresponds to the pre-Terminator (labeled “PT”).
The mSEA analysis makes it clear to see that the terminators, represented by the dashed lines at x = 0, and the pre-terminators, represented by the dotted lines at x = 0.6, roughly bracket times with an enhanced quadrupole moment in the middle panel. The more striking result is in the other two panels: in the top panel the dipole moment has its minimum (i.e., sunspot maximum) occurring near x = 0.2. This is more clearly seen in the bottom panel of Figure 2. Rather than the Dipole field strength, here we plot the polar field strength, as measured by the Wilcox Solar Observatory (Svalgaard et al., 1978). From this mSEA we see that the polar field reversal happens almost rigidly at x = 0.2 (0.198 ± 0.013 for Cycles 21–24). We notice also the apparent symmetry of one-, three-, and four-fifths of a cycle. The dotted line at x = 0.8 (and, repeated, at x = −0.2) is the minimum of the mean quadrupole moment and represents solar activity minimum. Recall that the polar field at canonical minimum x ∼ 0.8 is used as a precursor predictor method for the upcoming cycle strength.
2.2 Flare Production
Chapman et al. (2020) already noticed that the first X-flare of a cycle happens close to the Terminator, and also that the pre-Terminator on the declining phase of the solar cycle ushered in the quiet interval spanning solar minimum. We shall now investigate the production of X-flares throughout the solar activity cycle. The top panel of Figure 3 shows the occurrence of all 452 X-flares in the GOES catalogue since 1976 over the trace of the (27-day smoothed) F10.7 radio flux for each solar cycle.
[image: Figure 3]FIGURE 3 | Showing the importance of the pre-Terminator across all aspects of solar output. (A) F10.7 solar radio flux, overplotted with the time of GOES X-class flares; (B) coronal Green Line emission as a function of latitude; (C) Wilcox Polar field strength, as in Figure 2 (red–south, blue–north, and the smoothed average in black); (D) EIT corona, akin to panel (B) and Figure 9 of McIntosh et al. (2014). Green Line and F10.7 data can be extended back several more decades; we limit the time axis to 1976–2020 for GOES flare and Wilcox Observatory data. Throughout all panels, terminators are marked by solid lines, the pre-Terminators (F10.7 = 90 sfu) by dot-dashed lines; solar maxima (as determined by polar field reversals in (C)) by dashed lines. The dotted vertical line corresponds to the Halloween Storms of 2003.
With large flares often occurring in close succession and the overlap of plot symbols on a 44-year plot, it might not immediately be obvious that there are 452 points in the top panel of Figure 3. In fact, the vast majority, 96%, of all X-flares happen between the Terminator and pre-Terminator; there are only 16 “contrary” X-flares in the entire record. Four of those are from AR 12673 in September 2017, and the F10.7 flux surged significantly at that epoch (when that AR was present), and exceeded the F10.7 = 90sfu threshold that is a reasonably good approximation to both the terminators and pre-terminators Chapman et al. (2020). Repeating this analysis for M-class flares, “only” 93% happen between the Terminator and pre-Terminator (only 403 out of 5,967 fall outside the range).
The second phenomenon not immediately visible in the top panel of Figure 3 is that 78% of all X-flares happen when the daily F10.7 value exceeds the 365-day trailing F10.7 average. This is probably not a surprise—the source of X-flares are large complex active regions that generate significant amounts of F10.7 emission due to their size and complexity—we’ll explore complexity more below. To further emphasize the potential “pre-requisite” nature of F10.7 for X-flares, we note that only 8 (<2%) X-flares occurred on a day with the F10.7 reading below 90 sfu, and only 13 (<3%) occurred in a Carrington rotation with the rotation average F10.7 below 90 sfu. Table 1 quantifies the number of X-flares per cycle and both of these probabilistic observations.
TABLE 1 | Distribution of all 452 X-flares in the GOES catalogue, relative to the Terminators, pre-terminators and the relative levels in F10.7 radio flux.
[image: Table 1]The other three panels of Figure 3 provide context for the abrupt onset of activity at the Terminator and the abrupt turn-off of activity at the pre-Terminator. The second panel shows the off-limb (integrated from 1.15 to 1.25 solar radii) coronal Green line (Fe X IV, 5303Å) intensity as a function of latitude and time. Daily observations are smoothed with a 150-day rolling window. The overlapping activity bands of the ESC as discussed above are clearly visible. At the terminator, the old cycle bands, well, terminate. The next cycle bands are now at ∼35°. At the highest latitudes, we see the “rush to the poles” (Altrock, 1997) between the terminator and polar field reversal/solar maximum. After polar field reversal, the next cycle’s activity band starts progressing equatorward, starting from ∼55°. The fourth panel uses the same off-limb sampling process, applied to space-borne broadband EUV imagers from SOHO/EIT (195Å, 1996–2010) and SDO/AIA (193Å, 2010–) to extend the Green line observations to the present. Not unsurprisingly, the same features are seen between the Fe xiv Green line and Fe xii EUV emission. The remaining panel reprises the Solar Polar Field strength of Figures 1, 2. Through all four panels we trace vertical lines for the key landmarks of the cycle: dashed for terminators, thick dashed for polar field reversals, and dot-dashed for the pre-terminators. As in Figure 1, the Halloween storms of 2003 are marked by the single dotted vertical line. The pre-terminators occur when F10.7 ≃ 90sfu.
Figure 4 re-expresses the data of Figure 3 in the form of the modified superposed epoch analysis, akin to Figures 1, 2. We omit the EIT/AIA EUV data as it barely covers two solar activity cycles. Instead it is replaced by the Calcium ii K record of cycles 14–20 (∼1913–1977) from the Kodaikanal Observatory, as compiled by Chatterjee et al. (2019). Combined, Figures 3, 4 bring many things into focus. We notice that, at the terminator, there is no more old cycle flux activity bands at the equator, further the new cycle bands at mid-latitudes activate, and we observe an increase in coronal emission and in flaring. Note also at high latitudes we observe the rush to the poles (McIntosh et al., 2019).
[image: Figure 4]FIGURE 4 | Modified Superposed Epoch Analysis version of Figure 3. The EIT panel is replaced by the Calcium ii K record of cycles 14–20 (∼1913–1977) from the Kodaikanal Observatory. The labels “T,” “R,” “PT,” and “m” are the same as from Figure 2.
One-fifth of a cycle later, we observe the polar field reversal. Two-fifths of a cycle later again, at the pre-terminator, the new (i.e., next) cycle bands starts moving equatorward at 55° (as seen in the EIT, Green Line and Calcium ii K intensity panels), and the current cycle bands are at about 15° latitude. Independent of the actual mechanism of “quenching,” the presence of four (two, of opposite polarity, in each hemisphere) bands on the disk leads to high-energy flaring activity to abruptly reduce to almost zero.
2.3 Sunspot Complexity
We surmise that the turn-off in activity at the pre-terminator is due to a (sudden) decrease in active region complexity. Jaeggli and Norton (2016) noted that “there are no published results showing the variation of the Mount Wilson magnetic classifications as a function of solar cycle” and, as an attempted rectification, considered the fraction of complex (γ and/or δ) sunspot groups from 1992 to 2015, albeit only on an annually-averaged basis. They did find a sharp decrease in the number of the most complex βγδ regions prior to minima in 1995 and 2007, and increase in the fraction of simple α regions, but the direct utility to our study is limited due to the annual averaging applied. Similarly, McAteer et al. (2005) considered the fractal dimension of a 50 Gauss threshold contour of all ARs seen by SOHO/MDI from 1996 to 2004, but focused more on testing a correlation of active region complexity to flare likelihood, but unfortunately, curtailed their study before the Cycle 23 pre-terminator.
In the absence, then, of a complete database of active region classifications, we can consider the distribution of spot areas from the Greenwich/USAF record as proxy, which is what is shown in Figure 5. The three panels are the mean, skewness and excess kurtosis of the spot areas on a (Carrington) rotation-by-rotation basis. There are clear Terminator and pre-terminator signals, especially in the higher order moments. (Recall excess kurtosis has three subtracted from the moment calculation, as three is the computed value of a Gaussian distribution. Thus excess kurtosis <0 means flatter than Gaussian; similarly, skewness >0 means the distribution is skewed to the right, with a longer tail to the right of the distribution maximum.) Overlaying the kurtosis panel of Figure 5 for the last half of the record is F10.7. The correspondence between kurtosis, and F10.7, simply scaled and shifted, especially from ∼1960 (post Cycle-19 maximum) on, is quite remarkable. F10.7 can be considered as just an integrated measure of global complexity of the solar magnetic field.
[image: Figure 5]FIGURE 5 | The complexity of sunspots changes at Terminators and Pre-Terminators. As a proxy of geometric complexity for individual spots, we compute the moments of the distribution of spot area from the Greenwich/USAF archive. From the top, the three panels are the average, skewness and excess (compared to a Gaussian) kurtosis. Dashed vertical lines indicate the Terminators in red, Pre-Terminators in blue. The kurtosis is a more than reasonable proxy for the F10.7 radio flux.
2.4 The Circle of Fifths
We complete our description of the Hale Cycle with one further analysis of the F10.7 radio flux. The top panel of Figure 6 again shows the complete 1947–present record of F10.7, with the Terminators and pre-terminators marked as vertical dashed red lines. Here we add markers of 0.2 cycle and 0.4 cycle as vertical dotted lines. In all cycles, and markedly so in Cycles 20 and 22, there is a distinct drop-off from its maximum (solar maximum) value at around 0.4 cycles. To investigate this further, we compute a unit cycle, following the methods of Leamon et al. (2021).
[image: Figure 6]FIGURE 6 | (Top) The complete F10.7 record, with 0.2, 0.4, and 0.6 of a cycle indicated by vertical lines. (middle) The terminator-terminator Unit Cycle, scaled to each cycle’s maximum radio flux, as computed from the above. The rapid surge in F10.7 at the Terminator, dip around polar field reversal at 0.2 cycles, and sharp drop at 0.4 cycles (when elements of the next cycle appear at high latitudes) are all clearly visible. The red envelope marks the standard deviation for each 0.01-cycle step. (bottom) The standard deviation from the middle panel plotted alone. Note the step change at the Terminator and pre-terminator (closer to 0.62 cycles by this measure). The horizontal dotted lines indicate the means before and after the pre-terminator.
To create the middle panel of Figure 6, we take the almost seven cycles of F10.7 data from the top panel, subtract off the minimum value of 65.0 sfu, and scale each cycle to the maximum of its (13-month smoothed) record. We then scale time as a fraction of Terminator-Terminator time, interpolated to 100 points, and plot the mean and standard deviation for each fractional time (thick black line and red hatched envelope; the thickness of the latter is reproduced as in the bottom panel). There is consistently:
1. at the Terminator, a rapid surge in F10.7 (through 90 sfu, almost by definition);
2. at 0.2 cycles, a dip around polar field reversal;
3. at 0.4 cycles, a sharp drop—when the polar coronal hole and polar crown filament reform and elements of the next cycle appear at high latitudes;
4. at 0.6 cycles, the onset of “quiet” conditions with greatly reduced numbers of X-flares as discussed before, and with approximately the same F10.7 output as at the Terminator;
5. at 0.8 cycles, approximately canonical minimum, the pattern completes.
The bottom panel of Figure 6 further shows that there is also a clear change in the standard deviation (thickness of red envelope), at the Terminator and ∼0.6 cycles. The local minimum at ∼0.4–0.5 cycles (lasting longer than the other, spikier, changes earlier in the cycle) may also be significant. Regardless of the strength of the cycle or whatever short term activity surges are superimposed on it, the nature of (the complexity of) sunspots changes at these landmarks of the 22-year Hale Magnetic Cycle.
Finally, for an approximately 11-year cycle, we note there are approximately 150 Carrington rotations per cycle, so each fifth, or phase, or “season” of the solar activity cycle takes approximately 30 rotations.
3 DISCUSSION
We have shown that the Sun’s rate of energetic flare production, geomagnetic storm activity, and active region complexity all surge simultaneously at the termination of Hale Cycles—when there is no more old cycle polarity flux left on the disk. Similarly, and independent of the strength or length of the solar cycle, these measures decrease in concert at approximately 3/5 of the duration of the cycle; again these observations are tied to the behavior of the flux systems belonging to the two overlapping Hale Cycles present on (or, well, in) the Sun.
It is not a new finding that the new 11-year activity cycle turns on rapidly at mid-latitudes. But it is precisely the unfettering of the new cycle’s bands following the termination of the old cycle bands at the equator, that permits a systematic increase in magnetic flux emergence across many longitudes to occur at mid-latitudes through the growth of sunspot groups, and at high latitudes with the onset of the “rush to the poles.”
Our efforts thus far have focused on discrete magnetic elements (sunspots, brightpoints, and filaments) and resolvable emission (maps of the Fe xiv Green line coronal off-limb and Calcium ii K on-disk. Put another way, we have focused on the small-scale tracers of the large-scale motions of the magnetized solar plasma that comprise the Hale Cycle. We now focus on large-scale tracers: sun-as-a-star measures of coronal emission.
3.1 Pre-Terminator Illustration: Coronal Emission
McIntosh et al. (2019) and Leamon et al. (2021) demonstrated that there was a significant surge in EUV spectral irradiance across the cycle 23 terminator, on a timescale of less than a solar rotation, and possibly as little as a week. The Leamon et al. (2021) results from SDO/EVE, considering the irradiance of the various AIA EUV lines, is reproduced as panel (A) of Figure 7. From bottom to top, the lines increase in their formation temperature. Each successively hotter line is scaled to the time interval 180–60 days prior to the pre-terminator, and offset on the y-axis by unity, except for the hottest line—Fe xvi 335Å—which is offset by two to show the largest change: a ∼180% increase in Fe xvi 335Å emission across the terminator. Due to the failure of the SDO/EVE MEGS-A sensor in May 2014, a direct comparison to the 2016 pre-terminator is not possible. However, a partial comparison can be made using EVE’s single-band diodes for 304Å, 171Å, 335Å, and Lyman-α (1216Å), and is shown in the panel (B) of Figure 7. The rapid change is demonstrated by the dashed vertical line of the pre-terminator, as determined by the analyses in Section 2, and the dotted vertical line that corresponds to one Carrington Rotation later. The pre-post ratios are, respectively: Lyman = 0.93; 304Å = 0.94; 171Å = 0.88; 335Å = 0.51.
[image: Figure 7]FIGURE 7 | (A), (B), (C) Scaled SDO/EVE irradiances as functions of time. (D) Lyman-α as a function of time and Carrington Longitude. See text, Section 3.1, for more details.
The strongest response is seen in Fe XVI 335Å, which shows a factor of ∼2 change over the course of one solar rotation at both the Terminator and pre-terminator. Lyman-α shows ∼6% change at both times too; smaller change amplified by sheer number of photons—Lyman-α is the most intense line of the solar spectrum at 0.007 W m − 2 nm − 1 at minimum, rising to 0.009 W m − 2 nm − 1 at the peak of C24 or similar weak cycles, or 0.01 W m − 2 nm − 1 at the peak of relatively strong cycles (Lemaire et al., 2015; Kretzschmar et al., 2018). Thus a 6% change at the terminator (and pre-terminator) represents approximately one quarter of the entire min-to-max cycle variation, and thus has significant ionospheric and upper atmosphere impact (Chandra and McPeters, 1994; Lean, 2000; Leamon et al., 2021).
These step changes in radiative output occur independent of wavelength. To illustrate this, panel (C) of Figure 7 shows the simultaneous onset and cessation of all (hot) coronal lines from SDO/EVE, covering the whole interval from the start of panel (A) to the end of panel (B).1 For reference, the black trace is F10.7, similarly scaled to its July–December 2010 average, and displaced down by a factor of 3, and the dashed horizontal line corresponding to 90 sfu. The simultaneous onset of enhanced emission in all hot coronal lines at the terminator in February 2011, and its cessation in August 2016, are clear. We reiterate that this step change in radiative output occurs independent of wavelength, and is co-temporal with the drop-off in high energy flares.
Finally, panel (D) of Figure 7 synthesizes the longitudinal evolution of Lyman-α emission as a function of Carrington Longitude and time from 2005–present. (This panel is an extension of Figure 3A of Leamon et al. (2021), and panels (C) and (D) are not a stack plot—note the different time axis scales between them. Again, the onset of enhanced emission at the terminator and its cessation at the pre-terminator, are clear—and global. There are preferred longitudes (i.e., active regions; red colors) at the SSN peak in 2014, but the transition from blue–green in 2011 and then from green–blue in 2016 are independent of longitude. As panels (A) and (B) showed, the change from “hot corona” to “warm corona” (Schonfeld et al., 2017) happens over a single rotation.
EUV Photons emitted from hot coronal plasma and energetic flares both require significant energy to be supplied to the corona from below. Why does the energy available for coronal energetics rise so sharply and dramatically fall when F10.7 ≃ 90 sfu? At the pre-terminator, the new (i.e., next) cycle bands starts moving equatorward from 55° (as seen in the EIT, Green Line and Calcium ii K intensity panels), and the current cycle bands are at about 15° latitude. Two possibilities that explain the decrease in activity related to band location are:
• being 30° apart means greater interaction between the two current-cycle bands across the equator, reducing energy available for coronal energetics (e.g., Dikpati et al., 2021); or
• being at or below some critical latitude means that the north-south shear from differential rotation is too great to support or maintain large complex ARs, reducing energy available for coronal energetics (Spruit, 2011).
Independent of the actual mechanism of “quenching,” the presence of four (two, of opposite polarity, in each hemisphere) bands on the disk, each separated by ∼30°, at the pre-terminator leads to less complex magnetic field configurations, which in turn abruptly reduce high-energy flaring activity to almost zero. Simultaneously, spectral emission from the hot corona falls off just as abruptly, and the F10.7 solar radio flux—which again can be considered as just an integrated measure of global complexity of the solar magnetic field—returns to the 90 sfu level it had at the Terminator 0.6 cycles (∼6–7 years) previously.
3.2 Forecasting Using the Solar Unit Cycle
Since the flux system that is now providing cycle 25 activity has been present on the Sun since just after the cycle 24 solar maximum (see, e.g., Figure 1 of Leamon et al., 2020), we can already predict when cycle 25 will end by linear extrapolation of the cycle 25 bands’ equatorward progress. Leamon et al. (2020) thus determined October 2031 ± 9 months, which puts the cessation of major solar activity associated with the next pre-terminator in the first half of 2027 (March ±6 months).
These predictions will be refined at the polar field reversal (one-fifth of the way through the terminator-to-terminator cycle)—which we may currently estimate to be the first half of 2024. We note that according to the recent results of Owens et al. (2021), the likelihood of extreme geomagnetic consequences among those events that do occur in ∼2024–2027 after the polar field reversal and before the pre-terminator is increased compared to the coming few years (the rise phase of the cycle from now until the polar field reversal). For reference, Solar Orbiter’s fifth Venus Gravity Assist maneuver will occur in December 2026, lifting the peak heliolatitude of its orbit to ∼25° in March 2027, which is extremely fortuitous timing to observe the anticipated pre-Terminator changes in flux systems at 55°. Two other out-of-ecliptic missions are under consideration by NASA—the Solar Cruiser Mission-of-Opportunity is in development (to launch with IMAP, scheduled for early 2025), and the Solaris concept is in a Phase-A study for the next MIDEX mission, and if selected will launch in late 2025 and will make its first high-latitude polar pass in mid 2029.
The significant advances these coming observations will make, together with the decade of step-by-step improvements to theory and modeling (constrained by said significant observational advances) they will drive, makes it probable that, as it rises through 2022, Cycle 25 will be the last solar activity cycle that is not fully understood.
4 CONCLUSION
We have previously shown the concept of Hale Cycle Terminators (end of the 22-year Hale Magnetic Cycle) producing rapid changes in solar activity in a year or two after the canonical solar minimum. Here we have demonstrated, through combined observations of the Sun’s radiative, particulate and ejecta output, that there does appear to be a Solar Clock defined by the Terminators of each Hale Magnetic Cycle that can explain changes in solar activity in the 11-or-so years between Terminators. Landmarks of this clock, such as the first and last X-class flare, F10.7 exceeding and falling below a certain threshold, the poleward motion of the highest latitude filaments, and the reversal of the polar field all appear to occur at fixed points in this (unit) cycle.
The repeating global-scale magnetic pattern that first appears at ∼55° latitude, with one branch rushing to the poles over 2–3 years and the second progressing equatorward over 19–20 years, is key to understanding the ESC, which is the Hale Magnetic cycle. Other than the rush-to-the-poles time, there are four oppositely signed magnetic bands between 55° and the equator, and their interactions drive solar activity.
On a clock that goes from Terminator to Terminator, there are five clear landmarks, equally distributed in phase: The terminator, originally defined in terms of the distribution of EUV brightpoints on the disk, is also well approximated by the F10.7 solar radio flux exceeding 90 sfu, the first X-class flare of the cycle, a step increase in EUV emission from the million-degree corona, and the rush to the poles of polar crown filaments, closing the polar coronal hole. The reversal of the polar fields occurs at 0.2 cycles. The polar crown filaments and polar coronal holes have reformed at 0.4 cycles, and there is a clear and sudden drop in active region complexity and F10.7 (just as there was the surge in activity at the Terminator with the rush to the poles). At 0.6 cycles, aka “pre-Terminator,” the F10.7 index again is 90 sfu, the same as at the terminator; simultaneously there is a significant and simultaneous reduction in EUV emission (factor ∼2 in 335Å) and X-flare production. Indeed, only 16/453 X-flares observed by GOES are deviant in occurring outside the “core” 60% of the solar cycle, and the pre-Terminator can be considered the “onset of solar minimum conditions.”
Comparisons of stellar radiative flux and magnetic flux have resulted in strong correlations and scaling laws with X-ray flux (Pevtsov et al., 2003) and XUV flux (Vidotto et al., 2014). Replicating the latter’s techniques with Sun-as-a-star measurements, Hazra et al. (2020) showed a strong correlation (r ∼ 0.99) between the integrated XUV spectrum and the solar magnetic flux. Figure 5 of Hazra et al. (2020) is particularly insightful as it pertains to our arguments here; the azimuthally-averaged radial magnetic flux shows a sharp rise in 2011 (at the Cycle 23 Terminator), and drop at the end of 2014 (at the 0.4 cycle mark of Cycle 24), corresponding to the period when there is not a coherent polar coronal hole or polar crown filament. It is the distribution of magnetic elements across the (4π) solar surface that matters, not just their scalar strength or vector orientation.
From extrapolating observations of the distribution of EUV brightpoints we can already estimate that the Cycle 25 Terminator will be late 2031—early 2032. Thus, we may estimate that the pre-Terminator, and last X-flare of Cycle 25 will occur in mid-2027 (approximately the time of the first Solar Orbiter high latitude pass). Since we know that polar field reversal occurs at 0.2 cycles, we can confirm, refine, or revise our estimate for the length of Cycle 25 as early as its polar field reversal, which we currently estimate to be early-mid 2024.
In closing, in light of the theme of this Frontiers Research Topic, “Short- and Long-Term Solar Activity and its Potential Influences on Earth’s Atmosphere,” we have shown that there are rapid changes in the number of energetic photons (both X-rays from flares, and EUV emission from the hot corona) impinging on the atmosphere at specific times in the cycle. These times are predictable. As such, the results presented here suggest that solar (cycle-modulated) inputs are not properly captured in current atmospheric models, and thus we offer great utility for improving the fidelity of atmospheric and climate modelling in future.
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1The 12 lines with wavelengths below 330Å only have data up to the May 2014 MEGS-A anomaly; but all 39 lines show the same surges in intensity on both 27-day and 6–9 month timescales up to that unfortunate date, and all lines above 330Å show the simultaneous cessation in August 2016.
2www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-flares/x-rays/goes/xrs/.
3wso.stanford.edu/HCS.html.
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