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Image 1. Earth's sun[75]


Abstract    [Abstract is written mainly for fellow-scientists/researchers; Summary is more 'broad'.]

In September 1859, the famous “Carrington Event” occurred (with estimated Dst readings of −850 nT to −900 nT), the largest recorded solar geomagnetic event since accurate records were made, causing widespread failures to contemporary telegraph systems and producing brilliant polar aurorae. In July 2012, a solar storm of much greater strength almost hit earth, narrowly missing because we'd moved about nine (9) days [about 2.46% of earth's 365¼−day orbit] from its trajectory[70], with a peak Dst value of −1,182 nT, as reported by Space Weather[31]. As a result, astronomers & scientists worldwide began calculating the probability estimation of another catastrophic Carrington−like geomagnetic event, since current technology (communications, GPS, power grids, satellites, etc.) are much more vulnerable to a severe solar storms than in the past when the only 'electronics' available were long−wire telegraphs—before even the telephone had been invented. Prior published research gave widely varying probability estimations of another such event. Moreover, prior research did not take into account the upcoming Maunder Minimum or acceleration in the geomagnetic pole movement, and the acceleration in the collapse of earth's protective magnetic field; nor, did they account for “lesser” magnetic storms which were very destructive, in their own right, causing many failures of communications and the power grid in various parts of the world. Historically, earth's magnetic north pole has wandered at a rate of about 0–15 km/year, but beginning in 1990, it accelerated to its current velocity of about 60 km/year[64][65][66], which affects compasses, GPS, & other navigation. Moreover, the last time earth's protective magnetic field dropped by 30%, it needed fully 3,000 years[56], but, at the rapid rate it's decreasing now, it's projected to need only about 338.5 or 363.2 years (or 364.3 years or 333.9583 years), to drop by another 30%, depending of which set of data is used. While the data aren't in complete agreement, they're all very close, and suggest that a “geomagnetic flip,” with concurrent field collapse to almost zero strength, is imminent. This is relevant because the weaker earth's protective magnetic field gets, the less it protects earth from severe geomagnetic storms. We review solar/geomagnetic data of all storms from the Carrington Event until present and estimate the probability of another similar catastrophic solar storm in the next decade: Prior prominent research of another Carrington Event are, at one extreme, Riley's estimates of about 12% probability[50], and Moriña's estimates[40] about 1.17% (taking the average of “0.46% and 1.88%,” from his research paper). We find an 8.57% chance of another Carrington−class solar storm in the next decade. While we may overestimate the probabilities of another similar storm, the dangers posed to modern−day technology (much more vulnerable to geomagnetic solar storms or EMP detonations) suggest that it's better to use cautious & conservative estimates—especially given new unknowns and variables, such as the impending geomagnetic flip and concomitant collapse of earth's protective magnetic field—which, of course, make us even more vulnerable to a “direct hit.” I stand by my estimate as it's methods are sound, with results between both extremes in the reported literature—and put forth proposed solutions for lawmakers and citizens.

Plain Language Summary  [Written for 'broad' audience: Lawmakers, press, scientists, citizens]

There have been several recent severe geomagnetic storms which caused severe disruption to telecommunications and electrical grids, HF (high−frequency) radio communications, and Global Positioning System (GPS) navigation: The infamous solar storm of March 1989 inflicted major damage to Quebec, Canada's power grid, causing a 9−hour blackout when transformers were overloaded and failed, leaving more than 6 million Canadians without power, and crashing computer hard−drives later that year (August 1989), resulting in halted trading in the Toronto stock market. In fact, astronauts aboard the space shuttle Atlantis, during this solar storm, in October 1989, “reported

burning in their eyes, a reaction of their retinas to the solar particles,” according to the book “Storms From The Sun.”[7][23]

Another solar storm hit Canada, as well as the northeast United States, in August 2003, causing wide−spread blackouts, this time jamming the short−wave radio frequencies used by commercial pilots, prompting contemporary observers to speculate that the Kremlin was jamming radio signals. “In space, some satellites actually tumbled out of control for several hours,” NASA said. Malmö also suffered wide−spread failure of their power grids later that year (October and November 2003) in what was dubbed the “Halloween solar storm” of 2003: The SOHO (Solar and Heliospheric Observatory) satellite even failed temporarily, and the Advanced Composition Explorer (ACE) was also damaged by this solar storm.[20][27][28][51]

More recently, the “Solar Storm of 2012,” a Carrington−class solar storm, widely−believed to be even larger than the largest recorded solar storm in recorded history, almost made a “direct hit” on earth, narrowly missing only because earth had moved about nine (9) days in solar orbit from its trajectory.[70] As a result, researchers across the globe began calculating statistical probabilities of a “direct hit” of another catastrophic Carrington−class solar storm. Prior published research came up with widely varying estimates, prompting this researcher to revisit the subject anew.

I will address three (3) aspects of the dangers of solar storms: (1) I will present the dangers and threats of catastrophic damage to electrical and communications systems; (2) I will attempt to assess the probabilities of estimation of a catastrophic event; and, lastly, (3) I will offer proposed solutions for both citizens and lawmakers. My findings suggest that prior research over−estimated the probabilities of another catastrophic storm, but that subsequent research under−estimated, and suggest that the actual probabilities of a possible “global blackout” to be in−between both extremes. As a result, citizens are advised to “prepare,” and lawmakers must “harden the grid.” Furthermore, prior research did not take into account (or discuss) the fact that even “lesser” storms have been documented to have produced widespread damage to the communications and electrical grid, as documented above, which is misleading, because even “lesser” events have had inflicted very great damage, with heavy repair costs impacting the economy, including one instance when the Canadian stock market was shutdown. Lastly, prior research did not account for the upcoming Maunder Minimum and recent decreases in earth's protective geomagnetic field, both of which have an effect on any solar geomagnetic events—not to mention the increased acceleration of the movement of the geomagnetic poles, which affect compasses, GPS, and other navigation. Even if this researcher over-estimates the probability of another catastrophic event, given the dire consequences of documented damage that would be done, it's best to have a cautious and conservative estimate—especially given new unknowns and variables, such as the impending geomagnetic flip & concomitant collapse of earth's protective magnetic field—which, of course, make us even more vulnerable to a “direct hit.”


1. Introduction
       [PART  I.  Threats / dangers posed by Solar Events]

The well−known “Carrington Event” (also known as “The Solar Storm of 1859”), occurring on September 1–2, 1859, was a very powerful geomagnetic storm during solar cycle 10 (1855–1867), and one of the largest recorded geomagnetic storms (as recorded by ground−based magnetometers). The storm produced some of the brightest and most amazing displays of The Northern Lights (Aurora Borealis) and The Southern Lights (Aurora Australis) around the world, so bright, in fact, that many people reported being able to read a newspaper, at night, by the brilliant “Polar Lights,” even as far south as the northeastern United States.[1][2]

More−importantly, however, this “Carrington−class” solar storm, widely−believed to be the most powerful solar storm of modern times, only had a “Dst” (disturbance–storm time) measurement of about −850 to −900 nT (nanoTelsas), and even the very powerful “Quebec Storm of 1989” (which knocked about 6 million people into a blackout) registered only about −589 nT. (The Dst measurement is an index calculated from magnetometer readings around the equator, and, basically, it measures how hard Earth's magnetic field shakes when a solar storm hits: The more negative Dst, the more powerful the solar storm. Scientists were able to get accurate measurements on July 2012 super−storm because, although it angled away from Earth, nonetheless, it made a “direct hit” on the solar observation satellite, STEREO−A, which is especially “hardened” to withstand extreme magnetic disturbances.[31])

However, what frightens this researcher is the fact that “Solar Storm of 2012,” had it actually hit earth (it missed us, very narrowly), would have had a Dst−reading of up to −1,200 nT, making it much worse than even the infamous Carrington Event.[71] (It had a peak Dst value of −1,182 nT, as reported by Space Weather[31]) Historians recall that the Carrington Event, which produced brilliant auroral displays, and also wrought havoc with telegraph systems, induced such fierce magnetic flux into telegraph pylons that they sparked violently, even giving some telegraph operators electric shocks.

The only thing that saved the planet from wide−spread economic catastrophe was the fact that most of the electrical equipment in 1859 was very basic. (Telephones were not even invented until 1876.) Thus, the geomagnetic storm did not have any sensitive “targets” to damage. In modern times, however, with all of the sensitive electronics, GPS, telecommunications, power grids, cellular phone towers, and communications & military satellites, even something as “small” as the −589 nT “Quebec Storm of 1989” was able to do wide−spread damage. In fact, a declassified report shows that a strong solar storm in 1972 may have led to the detonation of mines[18] during the Vietnam War: Many of the “destructor mines” were designed to explode if they sensed changes in magnetic fields associated with moving ships—due to the large metallic content in the target ships, and the solar storms were apparently strong enough to disturb the earth's magnetic field, sufficient to trigger the more−than 4,000 sea mines which mysteriously went off with no other obvious cause. Besides random Solar Storms (which I've shown to be very capable of sudden damage to “The Grid”–critically important for providing power to Police, Fire, Ambulance, Hospitals, gas stations, supermarkets—even 911 & GPS), rogue nations with nuclear capabilities are also able to detonate an EMP (Electromagnetic Pulse), a burst of electromagnetic radiation created by a nuclear explosion, which would have basically the same effect in the local area where it's detonated—potentially knocking out all electrical equipment.[68]

In part I, here, I have (hopefully) shown the grave dangers and threats of catastrophic damage to electrical and communications systems posed by solar storms and EMP's. In part II, below, I will address the key part of my new findings: a new (and, hopefully, more accurate) assessment the statistical probabilities of estimation of a catastrophic event, and, then, in part III, below, I will offer proposed solutions for both citizens and lawmakers. While the 11−year solar cycle is well−known, I do not see any scientific research of probability estimates that take into account the upcoming Maunder Minimum, or the recent (and accelerating) decreases in the strength of earth's geomagnetic field or the “rapidly moving” geomagnetic poles: Scientists have long known that earth's magnetosphere protects against lethal cosmic radiation.


2. Materials & Methods  [PART I. Threats/dangers posed...(continued)]

For part I, here (1. Introduction, 2. Materials & Methods, 3. Results listed in Table 1, and 4. References cited throughout this paper, along with Table 2., a copy/paste of selected data from other peer−reviewed research along these lines), I merely gleaned the published peer−reviewed scientific research papers and credible news reports of solar storms and the dangers they pose. For part III, below, I propose practical solutions for both citizens and lawmakers: What can citizens do to protect themselves in the event of a “Failure of the Grid?” What can lawmakers (City, County, State, Federal, & International lawmakers—but particularly Federal lawmakers in America & other countries) do to prepare for such an inevitable event, and protect key critical infrastructure? However, for Part II, my key findings on the estimations of probability of another catastrophic solar storm, I will do something “different” than my esteemed colleagues (who published widely−varying estimates of whether we would face another Carrington−class event in the upcoming decade or so): I “cheated” by going directly to the published reports of such events, beginning with the Carrington Event (when our recording methods were sufficient to get accurate measurements on the geomagnetic strength of the storms—a key requirement for classifying “how strong” a storm must be to do catastrophic damage), and itemising them individually. Then, by doing a direct division of quantity of catastrophic storms, divided by elapsed time, I directly derive the average number of storms in a given time−period. While this does not take into account the fact that solar flares, CME's (Coronal Mass Ejections), and catastrophic solar storms are greater during the peak of each 11−year “Solar Cycle,” it will, nonetheless, give readers a rough estimate of long−term probabilities. Then, once this “baseline” is established, we can hope to make a more precise and accurate estimation of the probabilities, when considering additional factors, particularly the 11−year solar cycle, and the new, and frankly frightening, trend of the rapidly−decreasing geomagnetic field, which is associated with (happening at the same time as) the accelerating velocity of the movement of the geomagnetic poles: Many GPS navigational and satellite systems depend on the geomagnetic north and south poles, and these become increasingly inaccurate when the poles move, another threat to “The Grid.” Also, as previously mentioned, the earth's magnetosphere protects against cosmic radiation from all sources—including CME's and solar flares from earth's sun—which pose an ever−increasing threat as earth's magnetosphere starts to collapse, as we head towards another “geomagnetic reversal”—that is, when Earth's magnetic poles start to flip again, as they have done many times in the history of our planet. EDITOR'S NOTE: When quoting papers, my use of double brackets [] indicates a line−break, omitted for the sake of space.
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Image 2.  The sun hits earth's protective magnetic field with a CME

(coronal mass ejection), and/or a solar flare; artist's rendition[76]



3. Results (with Tables, Figures, Graphs, photos, etc.) [PART I. Threats/dangers posed...(continued)

	TABLE  1.

List of solar storms and related events, starting with the infamous “Carrington Event”

	Date(s)
	Number (on this list) – and

Name (if any) – and Dst value
	(Numbered citations to references appear below the table)

Description, with citations to verify

	Early September 1859
	1. Solar storm of 1859, aka: “The Carrington Event”; 

had an estimated peak Dst value of −850 nT, as reported by Moriña[39][40]; had an estimated peak Dst value of −900 (+50, −150) nT, as reported by Cliver[37]
	Overall most extreme storm ever documented; telegraph machines reportedly shocked operators and caused small fires; aurora visible in tropical areas; first solidly established connection of flares to geomagnetic disturbances. Extreme storming directly preceded this event in late August.[1][2][3][4][5][6][7] Please note that this storm (which is often used as the “baseline” or “standard” for comparing new solar events) was the absolute most powerful solar storm to hit planet earth (by several measures, most particularly the Dst readings and the damage done to electrical equipment—not to mention the brilliant, very bright, and very beautiful nighttime auroral displays). However, The Carrington Event only registered between −850 nT and −1,050 nT, as reported in the scientific literature. The “Near miss of 2012,” by contrast, had a peak Dst value of −1,182 nT, as reported by Space Weather[31], or even a peak Dst value of −1,200 nT, as reported by REUTERS[71], and, had it hit earth (we were about 9 days in orbit past where it hit)[70], we would have probably experienced a much stronger electromagnetic flux. Worse yet, much of the modern−day electronics & communication, on which we depend, is much more sensitive to such flux than the “primitive” telegraph equipment that took a brutal bearing in late 1859 when the Carrington Solar Storm hit earth.

	17−20 November 1882
	2. Geomagnetic Storm of 17−20 November 1882; had an estimated peak Dst value of −386 nT, as reported by Space Weather[8]
	“In November 1882, an intense magnetic storm related to a large sunspot group caused widespread interference to telegraph and telephone systems and provided spectacular and unusual auroral displays. The (ring current) storm time disturbance index for this storm reached maximum −Dst ≈ 386 nT, comparable to Halloween storm of 29−31 October 2003...”[8]

	25−26 September 1909
	3. Geomagnetic storm of September 1909; had an estimated peak Dst value of −595 nT, as reported by Space Weather[9]
	“For this storm, Dst attained a minimum of −595 nT, comparable to that of the great magnetic storm of March 1989 (−589 nT; the most intense storm in terms of Dst of the space age)...The 1909 storm was one of the most intense of the twentieth century. It exhibited violent levels of geomagnetic disturbance (with a minimum Dst value of −595 nT), caused widespread interference to telegraph systems, and brought spectacular aurorae to the nighttime sky.”[9]

	13–15 May 1921
	4. May 1921 geomagnetic storm; had an estimated peak Dst value of −825 to −900 nT, as reported by Cliver[37]
	Among most extreme known geomagnetic storms; farthest equatorward (lowest latitude) aurora ever documented; burned out fuses, electrical apparatus, and telephone station; caused fires at signal tower and telegraph station; total communications blackouts lasting several hours

“We review solar//geophysical data relating to the great magnetic storm of 14−15 May 1921, with emphasis on observations of the low−latitude visual aurora...for the 1921 event, there is a report of aurora from Apia, Samoa, in the southern hemisphere, within /13° of the geomagnetic equator.”

Such low latitude observations support the claims above that this is among the most extreme ever recorded.[10]

	22 January 1938
	5. Unnamed storm; had a peak Dst value of −344 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −344 nT reading[36] is quite strong. Probably, it was 'conflated' with the “Fátima storm,” which occurred a few days later, and was only slightly more powerful (clocking in at −352 nT):

See below for the “Fátima storm.”

	25−26 January 1938
	6. 25−26 January 1938 geomagnetic storm aka the “Fátima storm”; had a peak Dst value of −352 nT, as reported by Cliver[36]
	“The most brilliant display of an aurora borealis in fifty years held Britons spellbound over a wide area of this country tonight...During this period all transatlantic communication was interrupted, and it was not until 11:30 A.M. That normal service was resumed.” [11]

“A magnetic storm was recorded at Abinger [Surrey, England] commencing on January 16 at 22·6h.”[12]

	24 March 1940
	7. Unnamed storm; had a peak Dst value of −366 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −366 nT reading is even stronger than the massive and severe September 1941 storm, the following year, which only dipped to a −359 nT reading −yet still managed to create havoc with power grids, radio communications, and brilliant nighttime auroral displays.

	01 March 1941
	8. Unnamed storm; had a peak Dst value of −382 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −382 nT reading is even stronger than the massive and severe September 1941 storm, just months later, which only dipped to a −359 nT reading −yet still managed to create havoc with power grids, radio communications, and brilliant nighttime auroral displays.

	05 July 1941
	9. Unnamed storm; had a peak Dst value of −453 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −453 nT reading is even stronger than the massive and severe September 1941 storm, just months later, which only dipped to a −359 nT reading −yet still managed to create havoc with power grids, radio communications, and brilliant nighttime auroral displays.

	17–19 September  1941
	10. “The Geomagnetic Blitz of September 1941”; had a peak Dst value of −359 nT, as reported by Cliver[36]
	“Seventy−five years ago next week, a massive geomagnetic storm disrupted electrical power, interrupted radio broadcasts, and illuminated the night sky in a World War II battle theater.”[13]

This was strong, but not as strong as the unnamed storms in March and July of that year, as shown above.

	28 March 1946
	11. Unnamed storm; had a peak Dst value of −440 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −440 nT reading is even stronger than the September 1941 storm, just a few years earlier, which only dipped to a −359 nT reading −yet still managed to create havoc with power grids, radio communications, and brilliant nighttime auroral displays.

	26 January 1949
	12. Unnamed storm; had a peak Dst value of −350 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −350 nT reading is almost as strong as the September 1941 storm, just a few years earlier, which only dipped to a −359 nT reading −yet still managed to create havoc with power grids, radio communications, and brilliant nighttime auroral displays.

	23 February 1956
	13. “Solar Cosmic Rays of February, 1956”; No data available for the Dst values of this event, but it was probably pretty strong, as it fell close to the 05 September 1957 event, which had a Dst value of −324 nT, as reported by Cliver[36]
	“The solar flare event was superposed by chance upon a large but typical intensity decrease of nonsolar cosmic rays which began several days prior to February 23.”[14]

“The 23 February 1956 ground level enhancement of the solar cosmic ray intensity (GLE05) is the most famous among the proton events observed since 1942...It is shown that the most outstanding features of this proton enhancement were a narrow and extremely intense beam of ultra−relativistic particles arriving at Earth just after the onset and the unusually high maximum solar particle energy.”[15]

	05 September 1957
	14. Unnamed storm; had a peak Dst value of −324 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −324 nT reading[36] is almost as strong as the solar storm eight days later (13 September 1957), which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16] Probably these two solar storms were 'conflated' with one another because they were only about a week apart.

	13 September 1957
	15. Geomagnetic storm of September 1957; had a peak Dst value of −426 nT, as reported by Cliver[36]; had a peak Dst value of −427 nT, as reported by NOAA[28]
	“This paper presents results of reconstruction of the ionospheric weather during five of the most intense superstorms observed since International Geophysical Year, IGY (1957, 1958, 1959, 1989, and 2003) with the instantaneous global maps of the F2 layer critical frequency, GIM−foF2, and the ionospheric weather index maps, GIM−Wf. ”(Emphasis added for clarity and to differentiate; not in original)[16]

	23 September 1957
	16. Unnamed storm; had a peak Dst value of −302 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −302 nT reading[36] is almost as strong as the solar storm on 13 September 1957, just 10 days earlier, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16] Perhaps these two solar storms got 'conflated' together since they were only about a week apart.

	11 February 1958
	17. Geomagnetic storm of February 1958; had a peak Dst value of −428 nT, as reported by Cliver[36]; had a peak Dst value of −426 nT, as reported by NOAA[28]
	“This paper presents results of reconstruction of the ionospheric weather during five of the most intense superstorms observed since International Geophysical Year, IGY (1957, 1958, 1959, 1989, and 2003) with the instantaneous global maps of the F2 layer critical frequency, GIM−foF2, and the ionospheric weather index maps, GIM−Wf. ”(Emphasis added for clarity and to differentiate; not in original)[16]

	08 July 1958
	18. Unnamed storm; had a peak Dst value of −334 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −334 nT reading[36] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	04 September 1958
	19. Unnamed storm; had a peak Dst value of −305 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −305 nT reading[36] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	15 July 1959
	20. Geomagnetic storm of July 1959; had a peak Dst value of −434 nT, as reported by Cliver[36]; had a peak Dst value of −429 nT, as reported by NOAA[28]
	“This paper presents results of reconstruction of the ionospheric weather during five of the most intense superstorms observed since International Geophysical Year, IGY (1957, 1958, 1959, 1989, and 2003) with the instantaneous global maps of the F2 layer critical frequency, GIM−foF2, and the ionospheric weather index maps, GIM−Wf.”(Emphasis added for clarity and to differentiate; not in original)[16]

	01 April 1960
	21. Unnamed storm; had a peak Dst value of −325 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −325 nT reading[36] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	30 April 1960
	22. Unnamed storm; had a peak Dst value of −325 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −325 nT reading[36] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	13 November 1960
	23. Unnamed storm; had a peak Dst value of −333 nT, as reported by Cliver[36]; had a peak Dst value of −339 nT, as reported by NOAA[36]
	Odd that this storm is unnamed, as its −333 nT reading[36] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	26 May 1967
	24. The “Space weather storm of late May 1967”; had a peak Dst value of −391 nT, as reported by Cliver[36]; had a peak Dst value of −387 nT, as reported by NOAA[28]
	Blackout of polar surveillance radars during Cold War led U.S. military to scramble for nuclear war until solar origin confirmed

“Although listed as one of the most significant events of the last 80 years, the space weather storm of late May 1967 has been of mostly fading academic interest. The storm made its initial mark with a colossal solar radio burst causing radio interference at frequencies between 0.01 and 9.0 GHz and near−simultaneous disruptions of dayside radio communication by intense fluxes of ionizing solar X−rays. Aspects of military control and communication were immediately challenged.”[17]

	Early August 1972
	25. Solar storm of August 1972; had a peak Dst value of −125 nT, as reported by Space Weather[18]
	Fastest CME transit time recorded; most extreme solar particle event (SPE) by some measures and the most hazardous to human spaceflight during the Space Age; severe technological disruptions, caused accidental detonation of numerous magnetic−influence sea mines.

“Although the magnetic storm index, Dst, dipped to only −125 nT, the magnetopause was observed within 5.2 RE and the plasmapause within 2 RE. Widespread electric− and communication−grid disturbances plagued North America late on 4 August. There was an additional effect, long buried in the Vietnam War archives that add credence to the severity of the storm impact: a nearly instantaneous, unintended detonation of dozens of sea mines south of Hai Phong, North Vietnam on 4 August 1972. The U.S. Navy attributed the dramatic event to magnetic perturbations of solar storms.”[18]

	14 July 1982
	26. Unnamed storm; had a peak Dst value of −322 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −322 nT reading[36] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	8−9 February 1986
	27. The Geomagnetic Storm of 8−9 February 1986; had a peak Dst value of −301 nT, as reported by the Royal Academy of Engineering[41]; had a peak Dst value of −307 nT, as reported by the Research in Astronomy and Astrophysics[42]
	Even during a “solar minimum,” you can experience very powerful solar flares, such as this example:

“Another significant event was the geomagnetic storm of 8−9 February 1986, which saw Dst drop to −301 nT. This event is significant because of its timing very close to sunspot minimum, which nominally occurred in September 1986, but which would have been in March 1986 if the February storm had not occurred. This storm shows that extreme events can occur at any phase of the solar cycle and it is unwise to focus mitigation efforts only around solar maximum.” (pp.17—18){small quote used under Fair Use}[41]

“We have plotted all seven storm events together in Figure 1. The first case of super storm was recorded on February 09, 1986 and was associated with a number of solar flares of low intensities occurred. The peak of the storm was observed at 01:00 UT on February 09. By chance this storm was the largest recorded storm, since 1960 and the eighth largest since 1932 (Allen 1986). Two other factors made this storm particularly unusual (i) it occurred near the minimum of the Sun’s activity cycle; and (ii) it was apparently caused by flares that could be described as moderate to large. The initial phase of this storm was started on 06 Feb at 21:00 UT and continued till Feb 07 till 07:00 UT and the main phase occurred with its minimum value (Dst index −307 nT) on Feb 09 at 01:00 UT, then it reached to its recovery phase and this phase continued till Feb 13 at 23:00 UT.”[42]

	13−14 March 1989
	28. March 1989 geomagnetic storm; aka the “Quebec Storm of 1989”; had a peak Dst value of −589 nT, as reported by NOAA[28] and by Cliver[37] and by Kane[43]; had a peak Dst value of −595 nT, as reported by Space Weather[9]; had a peak Dst value of −548 nT, as previously reported by Cliver[36]
	The infamous solar storm of March 1989 was the most extreme storm of the Space Age by several measures: It outed power grid of Canadian province of Quebec, causing a 9−hour blackout when transformers were overloaded and failed, leaving more than 6 million Canadians without power.

“The CME associated with the X15 flare in March 1989 caused major power failures in Canada, and subsequent smaller events have disrupted communication and navigation satellites. Also, had the flare occured [sic] over the weekend we could have seen a major proton storm such as the one observed last July, when a number of SOHO's imaging instruments were temporarily blinded.”(Misspelling in original, denoted by 'sic' in brackets.)[19]

	August 1989
	29. August 1989 geomagnetic storm; No data available for the Dst values of this event. (Probably around the −589 nT, value for the “Quebec Storm of 1989,” above, as reported by NOAA[28], as it was pretty strong: It crashed the Canadian stock market—quite literally.)
	“The Toronto stock market in Canada halted trading after solar activity crashed a series of computer hard drives in August 1989. [] Trading was stopped for three hours. [] "I don't know what the gods were doing to us," said exchange vice−president John Kane.”[20]

“SCIENTISTS blame an intense burst of solar activity for events which

halted all trading on Toronto’s stock market last month. Officials watched

in disbelief as three disc drives failed in succession on what is supposed

to be a ‘fault−tolerant’ computer system. The crash stopped trading for

three hours.”[21]

“A significant geomagnetic storm caused by a very large X20 solar flare affected microchips and lead to the halt of Toronto’s stock market trading on August 16, 1989. [] The solar flare was stronger than the X15 flare recorded in March of the same year. That flare caused extremely intense auroras and a geomagnetic storm that lead to the collapse of Hydro−Québec's electricity transmission system.”[22]

	10 October 1989


	30. The solar storm of October 1989; had a peak Dst value of −268 nT, as reported by Kane[36]
	Even a so−called “mild” storm of Dst level −268 nT was able to inflict serious threat upon our astronauts:

“Astronauts aboard the space shuttle Atlantis, during this solar storm, in October 1989, "reported burning in their eyes, a reaction of their retinas to the solar particles", according to the book Storms From The Sun. [] "The crew was ordered to go to the 'storm shelter' in the farthest interior of the shuttle, the most shielded position. But even when hunkered down inside the spacecraft, some astronauts reported seeing flashes of light even with their eyes closed," the book notes, adding that if the astronauts had been on a deep−space mission or working on the Moon, there was a 10 per cent chance they would have died.”(Emphasis added, in bold−face & underline, for clarity; not in original)[20][23]

	17 November 1989
	31. The solar storm of November 1989; had a peak Dst value of −266 nT, as reported by Kane[36]
	Odd that this storm is unnamed: While Kane does not discuss this solar storm in his paper, it's almost the same intensity as the one the month before that caused major discomfort for our astronauts, and almost placed their lived in danger. See “Table 1” of this citation for data.[36]

	25 March 1991
	32. Unnamed storm; had a peak Dst value of −297 nT, as reported by Cliver[36]
	Odd that this storm is unnamed, as its −297 nT reading[36] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	09 November 1991
	33. Unnamed storm; had a peak Dst value of −375 nT, as reported by Cliver[36]; had a peak Dst value of −354 nT, as reported by NOAA[28]
	Odd that this storm is unnamed, as its −375 nT reading is even stronger than the massive and severe September 1941 storm, just decades earlier, which only dipped to a −359 nT reading −yet still managed to create havoc with power grids, radio communications, and brilliant nighttime auroral displays.

	06 April 2000
	34. April geomagnetic storm of 2000; had a peak Dst value [at 01:00 UT, on 04/07/2000, which was really the same storm, as it was within a 24−hour period of 06 April 2000] of −287 nT, as reported by Geophysical Research Letters[38]
	Geomagnetic storm was so strong that it was felt even down to about 42° in geographic latitude:

“This paper reports on the first observations of postsunset/evening midlatitude plasma bubbles in the European sector during the main phase of severe storms (Dst≤−200 nT) on 6 April 2000 and 11 April 2001. Plasma depletions observed in Global Navigation Satellite System total electron content measurements are confirmed with those observed from in situ Defense Meteorological Satellite Program ion density measurements. The results show that the plasma bubbles were migrating north at virtual speeds of 400 m/s and on each of the storm days they extended as far north as ̃42° (geographic latitude).”(Emphasis added, in bold−face & underline, for clarity; not in original)[24]

	14 July 2000
	35. The “Bastille Day Flare” aka the “Bastille Day Event”; No data available for the Dst values of this event, but it was probably pretty strong, as interfered with radio communications, could be seen even by the distant Voyager 1 and 2 space probes, and put on impressive auroral displays, and was the largest solar radiation event since 1989; UPDATE: had a peak Dst value of −69 nT, as reported by Halo CME[36]
	A powerful solar flare on Bastille Day (July 14, 2000), the national day of France and was the biggest solar radiation event since 1989, which scientists were describing as the space equivalent of a Category 4 hurricane on the 5−point Saffir−Simpson scale, and even, despite their great distance from the Sun, observed by the Voyager 1 & Voyager 2 deep−space probes:

“The eruption of a powerful flare on the surface of the sun Friday has triggered what scientists are calling the biggest solar radiation event since the fall of 1989. [] The flare was followed by a coronal mass ejection a blast of billions of tons of electrically charged atomic particles and magnetic energy hurled in the Earth's direction at 3 million mph. [] The blast was expected to trigger "strong" to "severe" geomagnetic disturbances this weekend affecting power grids, pipelines, navigation systems, shortwave radio communications and satellite operations. [] And skywatchers were advised to look for displays of the Northern Lights about midnight tonight at latitudes spanning much of the United States. [] Space weather forecasters were describing the solar storm as the space equivalent of a Category 4 hurricane on the 5−point Saffir−Simpson scale. [] "I think it's probably the second−largest (storm) in the last 20 years," said Bill Murtaugh, a space weather forecaster at the federal Space Environment Center in Boulder, Colo.”[25]

“This energetic particle decrease is thus slightly smaller in magnitude at the Earth than the two earlier transient events occurring in July 1982 and June 1991 that later produced large increases of very low frequency radio emission seen by instruments on Voyager 1 and Voyager 2 when the interaction regions from these events eventually encountered the heliopause some 410 days later [Gurnett et al., 1993].”[26]

	16 July 2000
	36. Unnamed storm; had a peak Dst value of −301 nT, as reported by Cliver[36]; had a peak Dst value of −301 nT, as reported by Geophysical Research Letters[38]; had a peak Dst value of −301 nT, as reported by Earth, Planets and Space[46]
	Odd that this storm is unnamed, as its −301 nT reading[36] is quite strong. Probably, it was 'conflated' with the “Bastille Day Event,” which was only two days earlier. (See immediately above in this table.) Moreover, it is also odd that Cliver[36] does not give a Dst reading for the “Bastille Day Flare,” which was two days earlier, on 14 July 2000. But it is assumed that these are two different solar flares, because the dates are different, and moreover, the solar flare and CME's a few days earlier would probably have had a stronger value. [Note to self: Look up a Dst reading for the “Bastille Day Event.”]

Note: Earth, Planets and Space reported: “ In the case of the solar sources of the Bastille geomagnetic storm that occurred on July 15–17, 2000, with a Dst minimum of −301 nT...,”[46] but we take this to refer to the 16 Jul 2000 entry, taking the average of 15 and 17, so as to differentiate this event from the event 2 days prior. Their readings agree with others, so all is well, here.

	31 March 2001
	37. Unnamed storm; had a peak Dst value of −383 nT, as reported by Cliver[36]; had a peak Dst value of −387 nT, as reported by NOAA[28]; had a peak Dst value of −383 nT, as reported by Geophysical Research Letters[38]
	Odd that this storm is unnamed, as its −383 nT reading[36] is quite strong. Probably, it was 'conflated' with the continuing solar flares, CME's, and continuation of the solar storm which went on into the following month, as shown below. Indeed, very odd, since the following readings, while severe, were only reported by Space Weather to be Dst≤−200 nT, or so, not nearly as severe as the peak −383 nT readings, here.[24]

	11 April 2001
	38. April geomagnetic storm of 2001; had a peak Dst value [at 00:00 UT, on 04/12/2000, which was really the same storm, as it was within a 24−hour period of 11 April 2000] of −271 nT, as reported by Geophysical Research Letters[38]
	Geomagnetic storm was so strong that it was felt even down to about 42° in geographic latitude:

“This paper reports on the first observations of postsunset/evening midlatitude plasma bubbles in the European sector during the main phase of severe storms (Dst≤−200 nT) on 6 April 2000 and 11 April 2001. Plasma depletions observed in Global Navigation Satellite System total electron content measurements are confirmed with those observed from in situ Defense Meteorological Satellite Program ion density measurements. The results show that the plasma bubbles were migrating north at virtual speeds of 400 m/s and on each of the storm days they extended as far north as ̃42° (geographic latitude).”(Emphasis added, in bold−face & underline, for clarity; not in original)[24]

	06 November 2001
	39. Unnamed storm; had a peak Dst value of −292 nT, as reported by Geophysical Research Letters[38]
	Odd that this storm is unnamed, as its −292 nT reading[38] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	29−30 October 2003
	40. Halloween solar storms, 2003; had a 'provisional' peak Dst value of −401 nT, as reported by NOAA in June 2004[28] and Kane [43]; had a final peak Dst value [at 01:00] of −353 nT, as reported by Geophysical Research Letters in Feb. 2008[38]; had a final peak Dst value [at 23:00] of −383 nT, as reported by Geophysical Research Letters in Feb. 2008[38]
	Among the top few most intense storms of the Space Age:

“In October and November of 2003, well into the declining phase of Solar Cycle 23, the Sun produced a significant display of solar activity, including one of the most intense solar flares ever recorded.”(Emphasis added in bold−faced underline to differentiate; not in original.)[28]

“The October−November 2003 solar storms rank as one of the largest outbreaks of solar activity in recent history. The global effects were wide ranging, impacting power grids, airline flights, spacecraft operations, and much more. Media interest and public awareness of this activity was at the highest levels ever...With little warning, large and intense sunspot groups developed on the solar surface, and by the end of October 2003, NOAA Space Weather Forecasters were engaged in the most active and demanding solar activity epoch in years...Seventeen major flares erupted on the sun between October 19 – November 05, 2003, including perhaps the most intense flare ever seen by a GOES XRS instrument – a huge X28 flare (NOAA scale R5 – see Appendix A and B) on November 04. Many of these flares had associated radiation storms, including an S4 (severe) storm on October 29.”(Emphasis added in bold−faced underline to differentiate; not in original.) [27]

	20−21 November 2003
	41. Solar storms of November 2003; had a 'provisional' peak Dst value of −465 nT, as reported by NOAA in June 2004[36]; had a peak Dst value of −383 nT, as reported by Cliver in Oct. 2004[36]; had a final peak Dst value of −472 nT, as reported by Kane in Feb. 2005[43]; had a final peak Dst value of −422 nT, as reported by Geophysical Research Letters in Feb. 2008[38]; had a final peak Dst value of −422 nT, as reported by Earth, Planets and Spacs in Feb. 2008[46]
	Among the top few most intense storms of the Space Age:

“In October and November of 2003, well into the declining phase of Solar Cycle 23, the Sun produced a significant display of solar activity, including one of the most intense solar flares ever recorded.”(Emphasis added in bold−faced underline to differentiate; not in original.)[28]

“The October−November 2003 solar storms rank as one of the largest outbreaks of solar activity in recent history. The global effects were wide ranging, impacting power grids, airline flights, spacecraft operations, and much more. Media interest and public awareness of this activity was at the highest levels ever...With little warning, large and intense sunspot groups developed on the solar surface, and by the end of October 2003, NOAA Space Weather Forecasters were engaged in the most active and demanding solar activity epoch in years...Seventeen major flares erupted on the sun between October 19 – November 05, 2003, including perhaps the most intense flare ever seen by a GOES XRS instrument – a huge X28 flare (NOAA scale R5 – see Appendix A and B) on November 04. Many of these flares had associated radiation storms, including an S4 (severe) storm on October 29.”(Emphasis added in bold−faced underline to differentiate; not in original.)[27]

“Previous studies have suggested that solar flares of modest intensity and duration can produce severe geomagnetic storms. In the case of the solar sources of the Bastille geomagnetic storm that occurred on July 15–17, 2000, with a Dst minimum of −301 nT, the duration of the solar flare was 40 min (Andrews 2001). In case of the solar sources of the Halloween geomagnetic storm that occurred November 20–21, 2003, with a Dst minimum of −422 nT, three long−durational event (LDE) flares with intensities less than M5.0 were reported (e.g., Gopalswamy et al. 2005). This demonstrates that a strong geoeffective solar wind driver can be produced from a solar flare modest of intensity and duration.”(Emphasis added in bold−faced underline to differentiate; not in original.)[46]

	08 November 2004
	42. Unnamed storm; had a peak Dst value [at 07:00 UT] of −373 nT, as reported by Geophysical Research Letters[38]
	Odd that this storm is unnamed, as its −373 nT reading[38] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

This is a separate solar storm than the one below, on 11/10/2004: They are more than 48 hours apart.

	10 November 2004
	43. Unnamed storm; had a peak Dst value [at 10:00 UT] of −289 nT, as reported by Geophysical Research Letters[38]
	Odd that this storm is unnamed, as its −289 nT reading[38] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

This is a separate solar storm than the one above, on 11/08/2005: They are more than 48 hours apart.

	20−22 January 2005
	44. The “Giant Solar Storm of January 2005” aka the “Anomalous geomagnetic storm of January 2005”; had a peak Dst value of −105 nT, as reported by Journal of Geophysical Research[44]
	Even though this solar storm only clocked in at −105 nT [44], it was able to present a major threat, and the “giant GLE of 2005 January 20 was the second largest on record (and largest since 1956), with up to 4200% count rate enhancement at sea level.,”[30] as documented below:

“One of the largest recorded solar radiation storms, on 20 January 2005, resulted in up to 55−fold increases in the count rates of ground−based particle detectors in polar regions.”[29]

“A ground level enhancement (GLE) is a solar event that accelerates ions (mostly protons) to GeV range energies in such great numbers that ground−based detectors, such as neutron monitors, observe their showers in Earth's atmosphere above the Galactic cosmic ray background. GLEs are of practical interest because an enhanced relativistic ion flux poses a hazard to astronauts, air crews, and aircraft electronics, and provides the earliest direct indication of an impending space radiation storm. The giant GLE of 2005 January 20 was the second largest on record (and largest since 1956), with up to 4200% count rate enhancement at sea level. ”[30]

“The major (minimum Dst = −105 nT) magnetic storm which occurred on 21–22 January 2005 is highly anomalous because the storm main phase (identified by the SYM−H indices) developed during northward interplanetary magnetic fields (IMFs). We believe this to be the first event of its type to be reported in the literature.”[44]

	15 May 2005
	45. Unnamed storm; had a peak Dst value of −263 nT, as reported by Geophysical Research Letters[38]
	Odd that this storm is unnamed, as its −263 nT reading[38] is almost as strong as the solar storm on 13 September 1957, which only dipped to a −426 nT reading −yet still managed to be categorised as one of the “most intense superstorms observed.”[16]

	23−24 July 2012
	46. The “Near Miss of 2012” aka the “Solar Superstorm of 2012”[32][33]; had a peak Dst value of −1,182 nT, as reported by Space Weather[31]; had a peak Dst value of −1,200 nT, as reported by REUTERS[71]
	“On 23 July 2012, solar active region 1520 (~141°W heliographic longitude) gave rise to a powerful coronal mass ejection (CME) with an initial speed that was determined to be 2500 ± 500 km/s. The eruption was directed away from Earth toward 125°W longitude. STEREO−A sensors detected the CME arrival only about 19 h later and made in situ measurements of the solar wind and interplanetary magnetic field. In this paper, we address the question of what would have happened if this powerful interplanetary event had been Earthward directed. Using a well−proven geomagnetic storm forecast model, we find that the 23−24 July event would certainly have produced a geomagnetic storm that was comparable to the largest events of the twentieth century (Dst ~ −500 nT). Using plausible assumptions about seasonal and time−of−day orientation of the Earth's magnetic dipole, the most extreme modeled value of storm−time disturbance would have been Dst = −1182 nT. This is considerably larger than estimates for the famous Carrington storm of 1859. This finding has far reaching implications because it demonstrates that extreme space weather conditions such as those during March of 1989 or September of 1859 can happen even during a modest solar activity cycle such as the one presently underway. We argue that this extreme event should immediately be employed by the space weather community to model severe space weather effects on technological systems such as the electric power grid.”(Emphasis added in bold−faced underline for clarity; not in original.)[31]

“Last month (April 8−11), scientists, government officials, emergency planners and others converged on Boulder, Colorado, for NOAA's Space Weather Workshop—an annual gathering to discuss the perils and probabilities of solar storms. [] The current solar cycle is weaker than usual, so you might expect a correspondingly low−key meeting. On the contrary, the halls and meeting rooms were abuzz with excitement about an intense solar storm that narrowly missed Earth. [] "If it had hit, we would still be picking up the pieces," says Daniel Baker of the University of Colorado, who presented a talk entitled The Major Solar Eruptive Event in July 2012: Defining Extreme Space Weather Scenarios.”[34]

“If an asteroid big enough to knock modern civilization back to the 18th century appeared out of deep space and buzzed the Earth−Moon system, the near−miss would be instant worldwide headline news. [] Two years ago, Earth experienced a close shave just as perilous, but most newspapers didn't mention it. The "impactor" was an extreme solar storm, the most powerful in as much as 150+ years. [] "If it had hit, we would still be picking up the pieces," says Daniel Baker of the University of Colorado. ”[35]

Were there any others which aren't listed here? Like the 2012 storm, near miss...Justify paragraph margins.

	2012—present 
	47. Miscellaneous
	Although we're apparently in a solar minimum at the time of this writing, I have no doubt overlooked many solar geomagnetic events, due to the human limitations of this researcher. As such, I have probably underestimated the probability estimate of another “Carrington−class” geomagnetic event.


Image 6.  Aurora Borealis, at night: The Northern Lights[80][image: image3.png]Sunspot Number
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Image 5.  Aurora Borealis, seen through the trees: The Northern Lights[79]


	Table  2.

         5. Below is a copy & paste of selected data I used from prior research, and is identified as such by citation: [PART I. Threats/dangers posed...(continued)]

	TABLE VI from Cliver, cited above in [36]: The 25 largest geomagnetic storms based on the Dst index, from 1932–2002 [Based on Dst index from Karinen and Mursula, 2004], copied/pasted below:

Date Time (UT h)   Peak value (nT)

14 Mar.      1989 01 −548

05 Jul.        1941 13 −453

28 Mar.      1946 14 −440

15 Jul.        1959 19 −434

11 Feb.       1958 11 −428

13 Sep.       1957 10 −426

26 May       1967 04 −391

31 Mar.       2001 08 −383

01 Mar.       1941 18 −382

09 Nov.       1991 01 −375

24 Mar.       1940 20 −366

19 Sep.        1941 06 −359

25 Jan.         1938 23 −352

26 Jan.         1949 00 −350

22 Jan.         1938 11 −344

08 Jul.          1958 20 −334

13 Nov.        1960 09 −333

30 Apr.         1960 18 −325

01 Apr.         1960 18 −325

05 Sep.         1957 03 −324

14 Jul.          1982 03 −322

04 Sep.         1958 22 −305

23 Sep.         1957 07 −302

16 Jul.          2000 00 −301

25 Mar.        1991 00 −297

	From: “Table 5: Top 10 Dst Storms*” [from NOAA “Halloween” paper] – June 2004 paper. [28]

Rank  Dst (nT)   Date

1         −589         03/14/1989

2.        −465**     11/20/2003

3.        −429         07/15/1959

4.        −427         09/13/1957

5.        −426         02/11/1958

6.        −401**    10/30/2003

7.        −387        03/31/2001

8.        −387        05/26/1967

9.        −354        11/09/1991

10.      −339        11/13/1960

*Dst data from Kyoto World Data

Center−C2 in Kyoto, Japan.

**Provisional Dst – not the final value

	From Geophysical Research Letters [38]

“Table 1. Geomagnetic and Interplanetary Parameters of Superstorms of Solar Cycle 23

Time/Date            Dstp, nT

01:00 04/07/2000  −287 

01:00 07/16/2000  −301

09:00 03/31/2001  −387

00:00 04/12/2001  −271

07:00 11/06/2001  −292 

01:00 10/30/2003  −353

23:00 10/30/2003  −383 

21:00 11/20/2003  −422 

07:00 11/08/2004  −373

10:00 11/10/2004  −289 

09:00 05/15/2005  −263 

3. Results...”
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Image 7.  Photograph of Earth: View of the Eastern Pacific

Ocean (just off the coast of South America) from Galileo[81]

	



6. Discussion:


       [PART  II:  My key findings – discussion]

In this section, I will attempt to assess the probabilities of estimation of a catastrophic event. Initially, it is appropriate to see where prior research has taken us here. First off, Riley[49][50] estimated the probability of another Carrington−class storm to be “occurring within the next decade is ~12%,” using the Power Law, and went on to explain it thus: “A final tool that will be useful for our analysis relies on the average time to the next event to compute a probability of occurrence. For Bernoulli distributions, that is, independent events that either happen or do not, with a constant probability of occurrence, it can be shown that the probability of occurrence is given by

P(x) = [1/(1+τ)],

where τ is the average time to the event. Thus, an event that occurs once every 100 years would have a probability, P = 1/(1 + 100/10) = 0.09, or 9% of occurring during the next decade.”[50] Looking at his formula, and comparing it with his example (in the text of his paper), it is clear that Riley didn't quite state the formula correctly: He accidentally used a denominator of (1+τ), that is, (1+A), e.g., “one plus the average time to event,” and not accounting for the time−span under consideration—a decade here. But, ignoring Riley's typo, and correcting his formula, rather, it should be stated as follows:

P(x) = [1/(1+ A/t)], where:

P(x) = Probability of the event;

A = Average time to event; and,

t = time−span under consideration for probability of occurrence.

Analysis of the Riley exponential formula

That said, it's also clear that his formula is exponential in nature, and (more−importantly) it seems “sound” on both the extremes and the “center” of the curve—let's use 100−years as the “average” time between Carrington Event's in this example:

(1) Set “t = 1 year,” and we get P(x) = [1/(1 + A/t)] = [1/(1 + 100/1)] = 1/101 = 0.099= 0.99% (to 3 significant figures, when considering the final percent value), which seems reasonable, because the odds of a once−in−a−lifetime event are quite low for just the next year.

(2) Set “t = 1,000 years,” and we get P(x) = [1/(1 + A/t)] = [1/(1+ 100/1,000)] = 1/(1 + 0.1) = 0.909= 90.9% (to 3 significant figures, when considering the final percent value), which seems reasonable, because the odds of any event are quite high when looking at a very long time−frame.

(3) Set “t = 100 year,” and we get P(x) = [1/(1 + A/t)] = [1/(1 + 100/100)] = 1/(1 + 1) = 0.5 = 50.0% (to 3 significant figures, when considering the final percent value), which seems reasonable, because the odds of a once−in−a−lifetime event are probably about 50% when considering the entire “life−time” of, say, a person who lives to be a hundred years old. If we assume that Riley obtained 12% for his final figure for the next decade, then we can solve for the time−frame he assumed, using P(x) = [1/(1 + A/t)]

0.12 = [1 / (A / 10)] – rearranging this, we get:

0.12 * (A / 10) = 1.00 – rearranging this, we get:

0.12*A / 10 = 1.00 – multiplying out, we get:

0.012*A = 1.00 – and, solving for A, we get:

A = 1.00 / 0.012 (in years, of course) = 83.33 years. Not sure how he derived 83.3 years, but considering that Riley's paper was written in 2012, and the Carrington Event was in 1859, we have a time−lapse of 153 years, and two such “Carrington−class” events, both the namesake event in 1859, and then the “Solar Super Storm of 2012,” which prompted all the attention from scientists. Assuming he estimated 2 such events every 153 years, this would mean an “average” time of 76.5 years between events, close to my 83.33 derivation.

Using 76.5 as my baseline average, P(x) = [1/(1 + A/t)] = [1/(1 + 76.5/10.0)] = [1 / (1 + 7.65)] = 11.561% to five significant figures, almost the 12% figure stated in the paper, and a 1−in−8.65 chance (close to the news article's interpretation in WIRED magazine.[49] In fact, Riley also had stated: “Additionally, since the event occurred only ~150 years ago, it is a constant reminder that a similar event could reoccur any day.”[50] Using 150−years as my average time between events, with an average time of once every 75−years, we get a P(x) = [ 1 / (1 + 75/10) ] = 11.76% chance. That seems right because the “average time to event” is half of either extreme: “Zero−time” and the average time to “next” event, since, on average, you would be in “the middle” of such a time−line.

However, Moriña[40], using a “counting process with Weibull inter−occurrence times in order to estimate the probability of extreme geomagnetic events,” came up with a much lower figure in a more−recent paper, which finds that: “the probability of occurrence on the next decade of an extreme event of a magnitude comparable or larger than the well−known Carrington event of 1859 is explored, and estimated to be between 0.46% and 1.88% (with a 95% confidence), a much lower value than those reported in the existing literature.”(Bold face for clarity; not in original)[40] What are Weibull−based statistical analyses, you might ask? Moriña helps us by explaining that: “the scale parameter of the inter−occurrence time [in other words, the time between geomagnetic storms of a given intensity] distribution grows exponentially with the absolute value of the intensity threshold defining the storm, whereas the shape parameter keeps rather constant.”(My comments in brackets to clarify; not in original)[40] In other words, he is saying that a storm twice as powerful does not necessarily have “half” the chance of occurrence, but rather, less, because there's an exponential element to the probabilities. Thus, the data on smaller, more−recent, geomagnetic storms might lead researchers to underestimate the average time to a given storm of a larger magnitude, or, put another way, to overestimate the probabilities of occurrence.

So, Riley estimates about 12% probability[50], and Moriña estimates[40] about 1.17% (taking the average of “0.46% and 1.88%,” from his research paper). These results are very much in disagreement, opening the door to confusion, prompting this researcher to “look further.”

While statistics is an interesting avenue to pursue in analyzing data, this paper will not follow Moriña's path, but, rather, do something much more concrete: We will look at actual storms in recent decades, and make assumptions based on a direct time−averaging method so see “how often” storms of a given magnitude occur, that is, the average time between geomagnetic storms of known magnitude and danger levels. To obtain a “baseline” for 'which' storms to count, we look mainly as the published news media of damage associated with a given storm, but also make inferences based on the Dst values of the storms. With that model, here are my findings:

My data lists forty−six (46) verified storms from 1859 to 2012. (There may have been more that were overlooked due to the human limitations of this researcher, so this is a “low” estimate.) In every single entry, above, there was either wide−spread damage and interference, or at least the inference that it was possible, when looking at the Dst readings of storms which garnered lesser levels of press coverage. While not all of the storms were grave threats, nonetheless, all 46 of the geomagnetic storms I list in my research are documented to have the potential for wide−spread damage to the power grid, telecommunications, and such. 

This researcher can't find any more recent severe geomagnetic events, in published news media reports, since the 2012 super storm, and will infer that we are at a low level of geomagnetic disturbance at this time. As such, the “time span” in question will use from late 1859 to late 2019 as the base time period, i.e., 160 years. With 160 years and 46 dangerous storms, we can safely infer that the “average time” between is a little bit less than 3 and−a−half years. (160 years / 46 events = 3.478 years/event, to 4 significant figures.) 

While my standards for what constitutes a “dangerous” storm are slightly lower than the extreme case, it is clear from looking at the published news reports of each of the 46 events that each one either did, or could very easily, cause significant damage to the electrical and communications grid.

In this manner, the extreme geomagnetic events are not unlike solar eclipses, category−5 hurricanes, volcanoes, and large−magnitude earthquakes: They are happening all the time around the world – example: A solar eclipse over the ocean, where there are no observers, or an earthquake in an uninhabited region, a “submarine volcano” (underwater), which is not always in plain sight, or a “fish storm,” a hurricane or tropical storm, with a trajectory towards the open Atlantic, which poses no threat to land.

But, unlike the hurricanes (which pose the same threat in the technology era, as they have in past centuries), the geomagnetic storms in modern times pose a far larger threat than in decades past: We now have very sensitive GPS, satellites, and power & communications grids—and, by extension, a nation's economy and social stability are impacted when (not if, but when) we get hit with “the big one.” When past geomagnetic storms hit, we did not have such delicate integrated circuitry, computers, and electrical & communications infrastructure, which is particularly susceptible to damage. But, as many recent geomagnetic events have shown us, the threat is real, interfering with aircraft communications[20], several times tempting us to go to war with the Soviet Union[20][51] (or other nations), when, in fact, they were not the ones disrupting communications, even setting off underwater sea−mines.[18] I estimated above an average of only 3.478 years between severe geomagnetic storms, which implies a very high probability of such a storm in the next decade:

P(x) = [1/(1+ A/t)] = [ 1 / (1 + 3.478/10) ] = 0.7419 = about a 75% chance of such an event within the next decade. But recalling that only some of the geomagnetic events in my table are documented to have actually done damage, it would only be fair to recalculate this probability:


DATA, from Table 1., above: Number of storms with documented damage to the grid: 14

(List of storms from my table: 1,2,3,4,6,10,24,25,28,29,30,35,40,41) – From 1859 to 2019 is 160 years, and that means that there's an average of about 11.43 years between storms. Re−calculating yields this result:

P(x) = [1/(1+ A/t)] = [ 1 / (1 + 11.43/10) ] = 0.4667 = about a 47% chance of such an event with the next decade.

That estimate is much higher than either of the previously reported estimates, but each of these events (except the “Near Miss of 2012”) were smaller, less−destructive Solar Geomagnetic storms than the “Carrington Event,” itself –and are, as such, expected to happen more often.

But I stand by my estimate because each – and every one – of the fourteen (14) named storms on my table, above, are documented to have caused widespread damage to the grid (or, in few cases, threatened the lives of our astronauts—and caused them major discomfort in the interim). Moreover, even those events listed on my table which don't have any record of having caused damage are in most, or all, are documented to have been very powerful by several metrics: Dst (Disturbance−storm time) measurements, GLE (ground level enhancement) measurements, size & strength of CME's (coronal mass ejections), and brilliance of polar 

lights, as well as how far south the “Northern lights” are said to have been seen, as well as size, strength, and/or quantity of solar flares, even for solar storms with “weak” Dst readings.

So, while my calculated probability is for a storm of “less than” the original Carrington Event, nonetheless, each of the 14 examples on my table are documented to have done actual and tangible damage, even if not on a “planet−wide” scale in every case. Thus, the threats posed are probably greater than previously reported because previous researchers overlooked events that knocked out only some (but not all) of the planet's power or communications grids. With threatening geomagnetic events occurring, on average, every 11 or 12  years, we now turn to other factors to consider when weighing estimation of probabilities.

The July 2012 “Superstorm,” narrowly missed earth by only about nine (9) days [about 2.46% of earth's 365¼−day orbit] from its trajectory[70], with a peak Dst value of −1,182 nT, as reported by Space Weather[31], or even a peak Dst value of −1,200 nT, as reported by REUTERS[71], thus with such a catastrophic sized storm, a “near miss” of only 2.46% of earth's orbit certainly qualifies as a near miss, and I shall assign this a “½” value of an event: It nearly took out the planet, from top−to−bottom.

In this last probability calculation, I will assume that the “Near Miss of 2012” counts for a “half” of an event, and the actual Carringtom Event counts as “1” event. Thus, I derive an average of 1.5 Carrington−Class Events every 160 years, and come up with this final result: An event occurs—on average—every 106.67 years:

P(x) = [1/(1+ A/t)] = [ 1 / (1 + 106.666667/10) ] = 0.0857143 or about 8.57% rounded to 3 significant figures.

My findings of an 8.57% chance of another Carrington Event are indeed between the Riley estimates of about 12% probability[50], and Moriña's estimates[40] about 1.17% (taking the average of “0.46% and 1.88%,” from his research paper). I stand by my estimate as it's methods are sound and its results are between both extremes in the reported literature.

CAVEATS:

My probability estimation, here, is probably low for several reasons: First, due to human limitations, I can not review all the solar geomagnetic events in the peer−reviewed scientific literature—meaning there were certainly some data points I overlooked when calculating the probabilities of another catastrophic event. Secondly, the upcoming Maunder Minimum is not a certain event. (And, even during solar 'minimums', there have been notably strong solar geomagnetic events), so even given a 'low', there is no guarantee of safety.) Thirdly, we have not even accounted for the accelerating collapse (decreases in strength) of earth's protective magnetic field—which protect earth from severe solar geomagnetic events. Bonus fourth factor: While the upcoming “magnetic flip,” in and of itself, does not place earth in any more jeopardy or danger for severe geomagnetic storms (other than determining which areas of earth have the strongest magnetic protection, based on the vectorial direction of the magnetic field, which protects most at the equator where magnetic flux is perpendicular to solar rays—and not parallel, as is with the field at the north and south poles), the moving magnetic north and south poles make GPS and other navigation less accurate. And, when the field inevitably collapses (as it has many times in earth's past history), there will be no reliable magnetic north for reference by GPS, compasses, or other geomagnetically−referenced navigation. Bonus fifth factor: Even if my estimation is low, the damage done by such a severe event is catastrophic, and it is good to err on the safe side. Given that both the geomagnetic field collapse and the pole “flip” are accelerating at unprecedented rates, caution is in order, and prediction of future field strength is anyone's guess.

Below, I will address additional factors of importance.


7. The upcoming “Maunder Minimum”:     [PART  II:  Key findings – continued]

The “Maunder Minimum” is a time period from 1645 to 1715 in which sunspots became exceedingly rare.[52] Without going into details, it is thought that we might be entering another “minimum” solar period.[53] A quick glance at the graph posted on the Universe Today article[53] is clear: Solar cycles 22, 23, and 24 get progressively smaller. In fact, Miyahara goes on to conclude that “The solar cycle is likely to show characteristic precursory features leading up to intervals of sunspot absence, and which can be differentiated by events of different durations.”[54] But the research is still not clear, and thus we can not depend on a new “Maunder Minimum” in the near future to protect us from any severe geomagnetic events.
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Image 3. The Maunder Minimum, a time in history, from 1645—1715, when sunspots were

very rare, and where solar events (CME's, solar flares, solar storms, etc.) were at a low ebb[77]



8. The 11−year solar cycle: 


   [PART  II:  Key findings – continued]

It is also a known quantity that sunspots (and related solar events: solar flares, CME's – coronal mass ejections, and sever geomagnetic storms, like the 46 storms in my main table, above) increase during a “solar maximum,” the peak of the approximately 11−year solar cycle. But, is this any guarantee of protection from a severe geomagnetic storm during a minimum? The Geomagnetic Storm of 8−9 February 1986; had a peak Dst value of −301 nT, as reported by the Royal Academy of Engineering[41]; and, it had a peak Dst value of −307 nT, as reported by the Research in Astronomy and Astrophysics[42], very powerful by any measure: “By chance this storm was the largest recorded storm, since 1960 and the eighth largest since 1932 (Allen 1986).”[42] However, it occurred at almost the very minimum of the 11−year solar cycle, as reported by the Research in Astronomy and Astrophysics: “Two other factors made this storm particularly unusual (i) it occurred near the minimum of the Sun’s activity cycle; and (ii) it was apparently caused by flares that could be described as moderate to large.”[42] This unusual occurrence prompted the Royal Academy of Engineering to caution us that: “This storm shows that extreme events can occur at any phase of the solar cycle and it is unwise to focus mitigation efforts only around solar maximum.” (pp.17—18){small quote used under Fair Use}[41] So, even assuming we enter a new “Maunder Minimum,” and then go on to enter the “bottom” of that solar cycle, there is no guarantee of safety of the grid: Dangerous solar flares can happen at any time.


9a. The collapsing geomagnetic field (and upcoming pole reversal)










    [PART  II:  Key findings – continued]

It is a well−known fact that earth's magnetic poles are moving, and, at the same time, the strength of our geomagnetic field has been steadily weakening. These two phenomena are related because when there is a “magnetic field” flip (like has happened many times in earth's past), compasses will point to, basically, the opposite direction. SPACE.com reports that “Earth's north magnetic pole is so out of whack that scientists need to update the global magnetic−field model they released only four years ago. Could that be a sign that the magnetic pole will flip soon?”[55] PHYS.ORG warns us that “'This is a region where we see that satellites consistently (experience) electronic failures,' said Prof. Finlay,”[56] a problem we're now facing because earth's magnetic field is what shields us from harmful cosmic rays, solar flares, and the like: “As Earth's magnetic shield fails, so do its satellites. First, our communications satellites in the highest orbits go down. Next, astronauts in low−Earth orbit can no longer phone home. And finally, cosmic rays start to bombard every human on Earth.”[56] In fact, NASA reports that “Earth has a magnetic field. It shields us from the full effects of the solar wind and GCR,” referring to galactic cosmic rays.[57] This trend is relevant, not only because earth's magnetic field protects sensitive electronic equipment, but also because is protects us, humans: “Beyond Low Earth Orbit, space radiation may place astronauts at significant risk for radiation sickness, and increased lifetime risk for cancer, central nervous system effects, and degenerative diseases.”[57]
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Image 4. Earth's protective geomagnetic field during normal activity, between pole flips /

reversals (depicted on the left), and during geomagnetic reversals (depicted on the right)[78]


So, without going into any graphic analysis, it suffices to say that any threats posed by solar flares and catastrophic geomagnetic solar storms will, increasingly, pose more of a threat as Earth's magnetic field continues to weaken. Worse yet, the December 2018 paper by PHYS.org goes on to report[56] that: “Scientists first noticed the SAA [the “South Atlantic Anomaly”] in the 1950s, and since then it has decreased in strength by a further 6%, as well as moving closer to the west.'”(Comments in bracket to define “SAA”; not in original) The problem here?

While this 6% decrease only refers to the South Atlantic Anomaly region, if the velocity of decrease holds true for the entire geomagnetic field, then 2018 (the date of the article) minus 1955 (the midpoint of the 1950's) implies a 63−year period is needed for every 6% decrease, that is, a reduction to 0.94 for each period. The next 63−year period would, then, be expected to be only 88.36% of the strength in 1955. Moreover, if our previous loss of 30% took 3,000 years[56], then we are accelerating our descent: Notice that it only takes six periods of 63 years to get the same loss at this rate: (0.94)^6 = 0.689869781056, or 69% (to 2 significant figures), a loss of 31% in only six 63−year periods, or 378 years, much faster than our previous 30% loss—which took 3,000 years.[56]

Does the SAA trend suggest what happens planet−wide? SCIENTIFIC AMERICAN gives us a clue: “At most places there has been a general decrease in the strength over the past century, typically ten percent or so.”[58] Is this similar to the velocity of decrease reported by PHYS.org data, above? ANSWER: Using logarithms (math not shown here, but figures in this paragraph to 7 significant figures), it is seen that we need only 5.764406 “periods” of 63 years (per PHYS.org) or 3.385281 “periods” of a century (per SCIENTIFIC AMERICAN) to get a 30% loss. Let's check our math, first, to be sure:

(0.94)^ 5.764406 = 0.70 or about 70%. [So, 5.764406 periods of 63 years each is 363.157578 years.], SAA

(0.90)^ 3.385281 = 0.70 or about 70%. [So, 3.385281 periods of 100 years is 338.5281 years.], planet−wide

In fact, the SAA estimate I made from PHYS.org was not even as fast as the “planet−wide” estimate from SCIENTIFIC AMERICAN, achieving the same 30% loss (e.g., down to 70% field strength) in about 338.5 years, even faster than the approximately 363−year estimate merely looking at the South Atlantic Anomaly region. NATIONAL GEOGRAPHIC also reports that earth's magnetic “pole now is moving faster than it has for decades.”[59] This is significant for 2 reasons: First, the rapid movement of the magnetic field also disrupt communications and navigation: “The changes have been so large that scientists began working on an emergency update for the World Magnetic Model, the mathematical system that lays the foundations for navigation, from cell phones and ships to commercial airlines,”[59] but more−importantly, as we've seen, the rapid movement of the magnetic north and south poles is associated with the collapsing (decreasing) protective geomagnetic field: When there's a “pole flip,” both phenomena occur together. But, just how fast is this pole−flip and field collapse accelerating? In a report this year, 21stCenturyWire.com reports that “The north magnetic pole sped across the International Date Line last year at a rate of 55 km per year, more than three times as fast as it moved before the mid−1990s. Now located in the Eastern Hemisphere, it’s moving away from Canada and approaching Siberia.”[60]

It is known that earth's circumference is about 24,901 miles, or about 40,075 km, meaning the distance between north and south poles is about 20,037.5 km.

Why is that significant? At a rate of 55 km/year, the poles would need only about 364.3 years to “flip,” that is, have the geomagnetic north pole go to the opposite end of earth. Let's do the math, just to be sure:

[20,037.5 km/year] divided by [55 km] = about 364.3 years to 4 significant figures.

The 55 km/year figure quoted by 21stCentrutyWire.com seems accurate: An article, just this year, from LiveScience gives the same figure: “News of the magnetic north's meanderings isn't exactly new. Researchers figured out in the 1800s that magnetic north tended to drift. Then, in the mid−1990s, it began moving faster, from just over 9 miles (15 kilometers) a year to about 34 miles (55 km) annually, Nature reported. In 2018, magnetic north skipped over the International Date Line and entered the Eastern Hemisphere.”[61]  In fact, the American Geophysical Union reported, in a 2016 paper, a rate as high as 60 km per year[65], an this 60 km/year figure is backed up by an April 2019 paper by Magazine of Engineering Dyna[66] and a paper as recent as mid−May 2019 published by the EUROPEAN SPACE AGENCY[64]. Using this newer updated data finds this result:

[20,037.5 km/year] divided by [60 km] = about 333.9583 years to 7 significant figures, which is even less than the  338.5281−year calculation, above.

The velocity accelerated to almost four (4) times its prior rate. Moreover, as stated above, the last 30% drop took 3,000 years, and this time, it looks to need only about 338.5 or 363.2 years (or even just 333.9583 years). So, both phenomena are quickly accelerating. If we encounter a pole−flip, the velocity of the magnetic pole movement may accelerate even faster, and earth's protective geomagnetic field may start to collapse at an even faster rate, and it may drop to close to zero, leaving us vulnerable to dangerous cosmic rays and solar flares. In fact, earth's protective magnetic field serves several purposes:

· Navigation by humans (using compasses, and now GPS)

· Navigation by animals who can sense earth's magnetic field

· Protection from both solar flares and cosmic rays

“Our planetary magnetic field has many advantages. For over 2,000 years, travellers have been able to use it to navigate across the globe. Some animals even seem to be able to find their way thanks to the magnetic field. But, more importantly than that, our geomagnetic field helps protect all life on Earth.”(Small 'Fair Use' quote from EARTH)[67]

A NASA paper suggests it may drop to zero: “If the magnetic field of the Earth suddenly changed...one might expect the field to go to zero strength for a century or so.”[62] The Smithsonian Institution quotes one scientist with a similar figure: ““When the [magnetic] field is weak, which is during reversals, the main dipole field collapses to something on the order of ten percent of its normal strength,” Singer says. This collapse could spell trouble for life on Earth, since the magnetic field stabilizes ozone molecules, shielding the planet from ultraviolet radiation.”(Emphasis added in bold and underline for clarity, not in original.)[63]
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Image 8. Photo of one of the Voyager spacecraft, of NASA's “deep space” Mariner series, and a reminder that similar satellites and NASA equipment, closer to earth, are vulnerable to solar geomagnetic events[82]



9b. The upcoming pole reversal predicts a collapsing geomagnetic field








    [PART  II:  Key findings – continued]

Oddly−enough, the times I calculated from two (2) independent sources for the earth's magnetic field to drop another 30% (either 363.157578 year or 338.5281 years) are almost the same as the time needed for earth to do a “magnetic flip,” at the rate it's been going of late (either 333.9583 years or 364.3 years), calculated from two other independent sources—thus, a total of four (4) or more separate (independent) sources were used:

	TABLE  3.  Selected data comparing rate of geomagnetic field collapse with rate of “magnetic flip”

	What is under review?
	Amount of time needed (with comments)
	Source(s)

	How long it's estimated the earth's protective geomagnetic field will drop by another thirty (30%) percent—e.g., to 70% percent of current levels?
	(0.94)^ 5.764406 = 0.70 or about 70%. [So, 5.764406 periods of 63 years each is 363.157578 years.], SAA, that is, the [the “South Atlantic Anomaly”] drops by about 6% (to 94%) in the approximately 63−year period reported, and thus would need 5.764406 periods of  63 years, that is, about 363.157578 years.
	This estimate calculated from data obtained from PHYS.org[56]

	How long it's estimated the earth's protective geomagnetic field will drop by another thirty (30%) percent—e.g., to 70% percent of current levels?
	(0.90)^ 3.385281 = 0.70 or about 70%. [So, 3.385281 periods of 100 years is 338.5281 years.], planet−wide: Earth's entire geomagnetic field drops by about 10% (to 90%) every century (100−year period), and thus would need  3.38528 periods of  100 years, each, that is, about 338.5281 years.
	This estimate calculated from data obtained from SCIENTIFIC AMERICAN[58]

	How long (at a reported rate of 55 km/year) will it take for earth's magnetic poles to “flip,” given a known circumference of earth?
	[20,037.5 km/year] divided by [55 km] = about 364.3 years to 4 significant figures.
	The 55 km/year figure is taken from multiple sources.[60][61]

	How long (at a reported rate of 60 km/year) will it take for earth's magnetic poles to “flip,” given a known circumference of earth?
	[20,037.5 km/year] divided by [60 km] = about 333.9583 years.
	The 60 km/year figure is taken from multiple sources.[64][65][66]

	I'm taking the average of the four figures above.

** Editor's Note: The decreases in earth's magnetic field occur together with (are associated with) each magnetic “flip,” a well−known phenomenon.
	Mean (average) time−lapse of 349.9859945 years, or about 350 years. However, the top 2 figures ask only about how soon we will see another 30% drop in geomagnetic field strength. The bottom 2 figures outright contemplate a “pole flip,” in which earth's protective geomagnetic field may collapse to 10% or less. So, after the “average” time, we may see LESS THAN the 70% strength (e.g., only a 30% field loss) than expected, as the bottom 2 figures suggest a faster collapse. If this is so, then the top 2 figures may be correct for now—but may become obsolete or outdated of earth's magnetic field collapse continues accelerating even more.


	Sources: Those cited above, taking an arithmetic mean (average).A “Geometric mean” (that is, the product of all 4 data, and take the 4th root) would be 349.71 years to 5 significant figures, but as it's so close to the arithmetic (additive) mean (349.9859945 years,) that we can safely ignore it.
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Image 9. “Linear Regression” GRAPH of changes in the dipole strength of earth's protective geomagnetic field, as a function of time. DATA used for this graph are the five (5) data points taken from Table 4. of this paper, and using “49%” for the 5th and last data point, where a choice is given.

Since these two phenomena are related, that is to be expected: If a complete “flip” occurs, the field will probably not drop to zero, but it will decrease significantly. And, as both phenomena (the decreases in earth's protective magnetic field and the velocity of the geomagnetic pole movements) seem to be rapidly accelerating in recent centuries and decades, this leaves us more vulnerable to any geomagnetic solar events, such as documented and discussed above. Even if my research over−estimates the probability of another catastrophic geomagnetic event, nonetheless, this much is clear: Given the dire consequences of documented damage that would be done, it's best to have a cautious and conservative estimate—especially given new unknowns and variables, such as the impending geomagnetic flip & concomitant collapse of earth's protective magnetic field—which, of course, make us even more vulnerable to a “direct hit.” Therefore, section 11., below, Recommendation (for lawmakers and citizens) should be given careful review.

	Table 4 – Data used to graph changes in earth's magnetic field strength in recent millennia:

	Year
	Strength in earth's magnetic field, using 982 BC as the “baseline” for a 100% level of dipole strength. Comments to explain calculations.

All  figures  expressed  in  percentage  values  (for  ease  of  reading)
	Percent value

(restated for clarity)
	Source(s) cited

	982  BC
	In a 2018 paper, PHYS.org states[56] that: “The geomagnetic field has been losing 30 percent of its intensity in the last 3,000 years.” – We chose this arbitrary value (for year 982 BC) to be “100%” for convenience of calculations of other figures.
	100%
	PHYS.org[56]

	AD  0
	In a 2000 paper, the Geophysical Journal International states[72] that: “the Earth’s dipole moment was twice the present−day value 2000 years ago, whilst between 5000 and 6000 years ago it was much weaker.” – Twice our arbitrary 70% modern−day value is 140%.
	140%
	GJI[72]

	AD  1000
	Both  Merrill (as cited by CRI[73]) and  Barnes (as cited by The University of South Dakota[74]), both claim that earth's magnetic field was approximately 40 percent stronger in AD 1000 than at the time of their writing. (The CRI article was originally written in 1998, and the U of SD page was updated in 2014, but we approximate 2018, since this is fairly close.) If it were 40% stronger, then you get: (1.40)*(70%) = 98% of the strength at this time. [Editor's note: While I trust the CRI figure, it was from a 'religious' organisation, and may have has bias, so I obtained an assessment from an independant source, namely the University of South Dakota, which made the same assessment of geomagnetic field strength for year AD 1000.]
	98%
	CRI[73]

and

UofSD[74]

	AD  2018
	Since PHYS.org states[56] that we've lost 30% in the past 3,000 years, this figure will be 30% less,than the arbitrary baseline value 3,000 years earlier for year 982 BC, e.g., 70%.
	70%
	PHYS.org[56]

	AD  2368
	The arithmetic mean of the 4 data points from my Table 3., above, is about 350 years for another 30% drop, so, adding 350 to AD 2018 yields AD 2368. Then, another 30% drop of the 70% current level of earth's dipole yields (0.70)*(70%) = 49%. ALTERNATE figure for 2368:  The Smithsonian Institution[63] suggests that the field strength may drop off to 10% during a pole flip, and NASA[62], which is quoted as saying: “one might expect the field to go to zero strength for a century or so,” suggests that earth's protective geomagnetic field may drop off to 0.0% – during a “flip,” so, taking the average, we get an estimated 5% field strength for AD 2368. 
	49%

or:

5%
	Table 3., above
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Image 10. “Linear Regression” GRAPH of changes in the dipole strength of earth's protective geomagnetic field, as a function of time. DATA used for this graph are the five (5) data points taken from Table 4. of this paper, and using “5%” for the 5th and last data point, where a choice is given.


10. Conclusions

The top half of this paper documents that, historically, we have encountered more damage to our communications and power grids than is commonly known, the recent outages in Canada and the northeast united states on several occasions to the very least—as well as interference to  satellites, GPS, and other infrastructure—even military sea mines being triggered by changes in the earth's magnetic fields from a severe solar event.

However, [[#1]] any threats that solar events already pose can [[#2]] only be expected to worsen as earth's protective magnetic field continues to collapse—and this is [[#3]] also compounded as GPS and other navigation continues to lose accuracy as the geomagnetic north and south poles rapidly accelerate their velocity due to unknown geological causes within earth's core. Our environment is giving us the 1−2−3 knockout punch. I did not even account for nuclear EMP detonations by rogue nations (which can have similar effects on the electrical portion of the grid).

As can be seen from the second graph (Image 10) using the Table 4. data I obtained from other peer−reviewed research, the 2nd and 3rd order polynomial trendlines are almost identical. This was an unexpected result, since, of course, in the first graph (Image 9), using all the same data points except the last (where I did not factor in the field collapse predictions), all the “trendlines” are quite noticeably different.

Whether this is a random occurrence or not, nonetheless, this researcher infers that changing the last data point from 49% to 5% made an improvement on the prediction, since it factored in the nearly complete expected field collapse (down to 5%, not 49%) when a magnetic “flip” occurs. This prediction is tenable based on what we know about past geomagnetic “pole flips,” and, if this is an improvement on the data, then this may explain why the 2nd and 3rd order trendlines are so identical that I had to make one of them very, very wide, and make the other one a bright green colour, so as to differentiate it.

My two graphs (Images 9 and 10, above) use only five (5) data points, each, and, as such, are probably not quite as accurate as those of other researchers with more resources and collaboration; however, as my data are from reliable sources, and carefully reviewed by this researcher, any errors are expected to be small:

In conclusion, I chose 5 reliable data points for each graph for time periods within the recent several centuries, and showing an approximate “peak” in dipole strength around the time of Christ, so the trendlines generated from these graphs should be reliable for several centuries out into the future.

My inference is that these trendlines are accurate, and thus sometime around A.D. 2500, we can safely expect a magnetic flip, with the dipole strength of earth's magnetic field dropping to about 5% for an appreciable length of time.

This would leave us almost completely vulnerable to both cosmic rays as well as random solar geomagnetic storms, CME's, flares, etc., but (and more importantly), even for those of us who are here and now, the continuing field collapse will likely increase our vulnerability to solar events, even if we don't wait until A.D. 2500: Since we have encountered severe damages from past solar events with the field at present (or stronger) levels, then earth's decreasing magnetic field will only make matters worse, which brings me to my conclusion: We must heed the warnings in the following sections.


11. Recommendations


     [PART  III: Proposed solutions]


11.(A) Recommendations for lawmakers

This paper focuses mainly on solar flare and CME (coronal mass ejection) threats, but EMP nuclear detonations also pose a threat—Discover Magazine recently reported that an EMP 'test' bomb was set off and “even though the test site was about 900 miles from Honolulu, the blast was strong enough to be seen from the island and take out a transmission station.”[68] Besides severe solar geomagnetic events, nuclear EMP detonations[68], and cosmic ray threats, the power and communications grids already must prepare for hurricanes, rainfall, droughts, wildfires, and more commonly experienced extreme weather events. (Rainfall, in fact, is known to be a perennial problem for power, phone, and internet cables, many of which are underground.) But, in this paper, I concentrate on the solar CME's, solar flares, and nuclear EMP events—and propose relatively simple mitigation measures—for lawmakers and for citizens. I do acknowledge the current administration's recent efforts: “President Trump has signed an executive order (EO) to boost coordination for and national resilience against electromagnetic pulse (EMP) threats—both from nuclear warfare and natural events like solar superstorms,” as reported by POWER magazine{“Trump Acts on Critical Infrastructure Resiliency Against EMP Threats,” by Sonal Patel, POWER, 26 March 2019}[69], but much more needs to be done by lawmakers and leaders of both political parties. For lawmakers (particularly Federal lawmakers), I offer these proposals:

· Local voltage surge protection devices and/or filters, and even “double−surge” protection in critical electric power, communications, and military infrastructure; Require critical infrastructure to also include EMP power line transient suppressors;

· Upgrading cables, wireless communications systems, electric substation control boxes/houses, and operating centres to be properly hardened, shielded, and grounded with such as a “Faraday Cage”;

· Use of fiber optic−based communications, where possible (which, of course, aren't susceptible to electromagnetic pulses);

· Sufficient “backup” systems to store critical data and provide alternate power in the event of a power outage, including alternative power sources (solar, wind, etc.);

· Having “backup systems” unplugged & disconnected from the grid would help protect them greatly: Disconnecting any sensitive “backup” excitement (computers, solar panels, etc.) from wires (which could pick up an EMF pulse and induce a high−voltage current) would also greatly help, especially if they contain very little 'sensitive' electronics that could be affected by an EMP;

· “Capacitor banks,” which work like batteries to absorb & dissipate excess energy;

· Possibly even an artificial geomagnetic field (using a combination of electromagnets and permanent magnets) across the globe: Would require much international cooperation

· PREVENTION: Forecasting or predicting a solar event, and shutting down (disconnecting) sensitive equipment from the grid is a good precaution. (Proper monitoring of solar events by satellites and deep−space probes would be useful here.);

· Creating guidelines and emergency plans for “black start” and “grid hardening” measures that will improve resiliency and recovery;

· Research, preparation, & review of emergency plans for EMP & solar geomagnetic event scenarios (like is done with hurricanes and earthquakes).

· Protect critical computers / Internet from hacking & cyber-attacks and computer viruses (and not just EMP nuclear detonations or solar flares / geomagnetic storms).

· Prevention and protection in advance would cost Billions of dollars, but cleanup of the mess from a severe EMP or solar event would cost Trillions of dollars—several orders of magnitude greater in cost (not counting the emotional and social costs).
Quotable quotes:

· “An ounce of prevention is worth a pound of cure.”

· “A Billion in prevention is worth a Trillion in cure.”

· “Prevention is the best medicine.”


11. Recommendations           [PART  III: Proposed solutions, continued]


11.(B) Recommendations for citizens

· Have plenty of canned and non−perishable food & drink stored, manual can openers, water for bathing & flushing the toilet, as well as potable drinking water. Peanut butter is an especially good source of fats, proteins, and carbohydrates, and has a long shelf life. (Include Emergency First Aid Kits, prescription and over−the−counter meds, as needed, and also personal items like soap, shampoo, and plenty of toilet paper and/or wash cloths, if you run out of toilet paper—and spare clothing & underwear.)

· Have handy printouts (paper) of important names, addresses, phone numbers, and websites of key emergency contacts (friends, family, police, fire, hospital, electric power & phone companies, local news media phone numbers, to get the latest news, local emergency shelter, animal shelters, etc.), as well as hard copies of good personal, scientific, and religious reading materials (which can come in handy if computers and television grids go down). Also a map (paper printout) of your city—and surrounding cities—might be useful.

· Besides these key paperwork items,  ID's, e.g. driver’s license, photo ID's, Cash, Credit Cards, and several extra set of house, car, & storage building keys.

· Have printed and/or flash drive (thumbnail USB storage devises) of key paperwork (financial, insurance, & medical records, with deeds and titles to house, vehicles, etc.).

· Invest in several small magnifying glasses (which can be used to start a fire with the sunlight, as well as help you to read fine print if you're far−sighted)

· Have standby generators, backup batteries (preferably NiMH or Li−Ion rechargeable), and/or solar−powered chargers and power supplies. (This is especially needful for portable smart−phones, which need to be charged up periodically.) Portable fire extinguishers would also be useful here.

· Invest in EMP power line transient suppressors and voltage surge protection devices and/or filters;

· When storing your backup generators, leave extension cords UNPLUGGED, lest a solar or EMP event occur, and induce a large current in the lines, and “fry” your equipment. Same is true with radio and television and computer equipment: Don't put them in storage connected to power sources, antennas, etc. (Perhaps wrap “spare equipment” in several layers of aluminum foil, a “makeshift Faraday Cage,” and place this in a metal garbage can, for extra−added 'Faraday' protection.)

· Make sure that stored equipment (batteries, gasoline, tools) has not rusted or gone bad.

· Invest in 1 or 2 cheap bicycles (which will come in handy should petroleum−based fuel becomes scarce), as well as a bicycle air pump, chain oil, etc.

· Invest in some FRS (Family Radio Service), GMRS (General Mobile Radio Service), CB (Citizen's Band), and/or Ham (Amateur) radios as an 'alternate' form of local communication, should the cellular phone grid go down. [NOTE: GMRS and Amateur radios require a license from the FCC to operate, whereas FRS and Citizen's Band don't, but during a state of emergency, that may not matter.]

· Invest in several solar−powered weather radios, which include AM, FM, NOAA Weather, and local television broadcast frequencies. (Portable televisions are optimal, but, lacking that, radios that receive audio of TV broadcasts are a good substitute.)

· Invest in several small LED flashlights. (LED's, light−emitting diodes, use far less current than 'regular' incandescent light bulbs, and produce much less heat.) Some flashlights have solar and/or “hand crank” chargers.

· Have handy emergency medical kits (in the event hospitals lose power and/or become over−crowded.)

· Maintain close ties with friends, neighbours, relatives, local government (police, fire, etc.), and church & community groups, as teamwork would become necessary in the face of adversity.


12. Ethics declarations:


I self−identify and lean noticeably to the “Conservative right” end of the political spectrum, and, like many of my peers and colleagues on my end, am leery of claims of climate change or other “environmental” issues, and, as such, may have a slight bias “against” making a full declaration of any potential environmental hazard; therefore, my research might accidentally (due to human error) underestimate any potential solar flare environmental threats. [Any bias, if it exists, is not intentional, as good science must be without bias, preconceived ideas, or other prejudices.] Furthermore, when I was young, I was a CB (citizens band) and ham (amateur) radio enthusiast, and currently hold an Amateur Extra license (the highest license that the FCC confers), with call letters “N2GY”:

https://wireless2.FCC.gov/UlsApp/UlsSearch/license.jsp?licKey=2702986 

http://HamCall.net/call/N2GY 

https://www.FccBulletin.com/callsign/?q=N2GY 

http://www.InterceptRadio.com/ham.php?call=N2GY 

https://www.RadioReference.com/apps/ham/callsign/N2GY  

http://www.MyHamShack.com/CallsignDatabase/N2GY/Default.aspx 


Therefore, I also have a “bias” for science and radio electronics, and particularly recall, in my youth, that high “solar activity” would interfere with local HF (high frequency) communications, but also “charge” the ionosphere, and help increase “skip wave” radio communications, in which 'regular' CB and Ham radios could communicate at far−greater distances during times of high solar “skip” activity. I am not sure what net effect (if any) such a bias to be fascinated with radio−electronic communications science might have on this present research (whether to exaggerate or diminish results), but I do declare this bias in my ethics statement to be whole, complete, and transparent.
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