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1) The peaks in strength, and reversals of polarity, in the solar polar magnetic fields are 11 

assessed for temporal correlation with M8+ earthquakes. 12 

2) Multiple significant correlations were found based on 10,000 simulations (>99
th

 13 

percentile) and 100,000 simulations (>99
th

 percentile). 14 

3) Evidence exists for potential exogenous modulation of earthquake processes. 15 
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Abstract  41 

 42 

The largest earthquakes represent one of the greatest threats to human life and infrastructure in 43 

the field of natural disasters, and yet it is considered wholly separate from the field of space 44 

weather. The subject of electromagnetic pre-seismic signals is one of considerable importance 45 

and debate in existing literature. The maximum magnetism and reversals of polarity in the solar 46 

polar magnetic fields were analyzed to determine the existence of a relationship with large 47 

earthquakes. The proximity of earth’s M8+ seismic events to the times of peak magnetism and 48 

reversals of the fields were found to be significantly closer than expected based on 10,000 49 

simulations (>99
th

 percentile), with the correlation for the largest magnitude events (M8.6+) 50 

exceeding 3 (>99.9
th

 percentile) based on 100,000 simulations. Potential mechanisms are 51 

discussed, along with the potential for expansion of the scope of space weather research. 52 

 53 

Plain Language Summary 54 

 55 

Numerous recent studies have shown that earthquakes often have electromagnetic pre-earthquake 56 

processes. The primary electromagnetic influence on earth is the sun, and recent studies have 57 

also tied solar phenomena to earthquakes. In this study, the sun’s magnetic fields, which reach 58 

the outer solar system and can directly connect with earth’s magnetic field, are shown to 59 

significantly influence the occurrence of the largest earthquakes (M8+). The times of maximum 60 

strength of the sun’s fields, and their reversals of polarity (+/-), have a better correlation than 61 

more than 99% of simulations, indicating a strong likelihood that there may be a correlation 62 

between the largest earthquakes and the sun’s magnetic fields. 63 

 64 

1.0 Introduction 65 

 66 

The destructive power of M8+ earthquakes underscores the importance of studying the 67 

environmental changes prior to their rupture. In recent years, dozens of studies have analyzed 68 

atmospheric or lithospheric electromagnetic anomalies near or above the epicenters of large 69 

earthquakes, including signals in outgoing longwave radiation, total electron content, GPS 70 

signals, radon and other ion emission from the ground, magnetic field ULF/VLF resonance and 71 

other geophysical parameters (Ouzounov et al., 2018). Despite the well-known fact that the sun 72 

is the primary electromagnetic actor on the earth, these processes are generally considered to be 73 

separate from the processes of space weather. 74 

 75 

Electromagnetic pre-seismic anomalies in geospace have been reported as well (Midya and Gole, 76 

2014; Odintsov et al., 2006; Simpson, 1967; Tavares and Azevedo, 2011). However, doubt has 77 

also been cast on a relationship between the sun and earthquakes (Guglielmi and Potapov, 2018; 78 

Love and Thomas, 2013). Numerous studies in the last few years support the existence of a 79 

correlation between seismicity and solar/geomagnetic indices, including some outside of the 80 
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scope of previous works. (Cataldi et al., 2017; Elfaki and Yousef, 2017; Freund et al. 2017; 81 

Hagen and Azevedo, 2017; Larocca, 2016; Marchetti and Akhoondzadeh, 2018; Midya et al., 82 

2016; Sukma and Abidin 2017; Urata et al., 2018; Velichkova and Kilafarska, 2018; Yu et al., 83 

2017). Their findings illustrate need for clarity in the field, and the potential for interaction and 84 

coupling between the magnetosphere, ionosphere, atmosphere, lithosphere, global electric circuit 85 

and geomagnetic system, forming the rational basis for investigation of exogenous 86 

electromagnetic conditions and earthquake processes. 87 

 88 

In 2015, a temporal relationship was discovered between the solar polar magnetic fields (SPF) 89 

and M8+ earthquakes; the largest seismic events tended to occur more-often during peaks of SPF 90 

magnetic strength and the reversals of SPF polarity (Davidson et al., 2015). Since that time, new 91 

SPF data has become available, more M8+ earthquakes have occurred, and both official datasets 92 

(“SPF data” and “M8+ earthquake events”) used in the initial study have been altered slightly or 93 

corrected by the maintaining agencies and organizations.  94 

 95 

With the supporting trend in the field, the availability of new data, and the open question as to 96 

the existence of the SPF-earthquake relationship given the changes to the original datasets, that 97 

relationship merits re-examination here.  98 

 99 

2.0 Data Description 100 

 101 

The data sets used in this study are freely available and regularly updated by the USGS/NCEI 102 

and the Wilcox Solar Observatory, Stanford University. 103 

 104 

The earthquake data was accessed via the USGS government data portal found at the website 105 

address: https://earthquake.usgs.gov/earthquakes/search/ (USGS). Magnitude 8 and higher 106 

earthquakes were selected, occurring since the start of the SPF data collection, which began in 107 

May 1976. There were 33 M8+ earthquakes from the start of the data set through July 20, 2018. 108 

(USGS) 109 

 110 

The SPF data is measured and maintained by Stanford University’s Wilcox Solar Observatory 111 

and is available at the website address: http://wso.stanford.edu/Polar.html (Stanford). The north 112 

polar fields (N) and south polar fields (S) were used in this study, along with the total SPF 113 

magnetism, found by adding the north and south polar fields (N+S), which can also be accessed 114 

on a single resource (Jupyter).  115 

 116 

2.1 SPF Data Oscillations and Phases 117 

 118 

The SPF variation over time is comprised of two cyclical components, with ~11- and ~1-year 119 

oscillations matching the sunspot/solar magnetic cycle and earth’s heliographic orbital 120 

https://earthquake.usgs.gov/earthquakes/search/
http://wso.stanford.edu/Polar.html
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variability, respectively. The SPF reverse during each sunspot maximum period of the ~11-year 121 

sunspot cycle and have an inverse strength relationship with sunspot number. Due to earth’s 122 

orbital tilt stretching to ~7 degrees above and below the solar equator over the year, earth is 123 

more-exposed to one polar set of fields, oscillating every 6 months. The full N, S and N+S SPF 124 

data is presented in figure 1. 125 

 126 

 127 
Figure 1: The 1- and 11-year oscillatory components of the north (blue) and south (red) SPF, along with 128 

the total (yellow) SPF curve. Y-axis measured in µG. Data is the complete SPF dataset, May 31, 1976 129 

through July 10, 2018. 130 

 131 

The “total SPF” magnetism (N+S) to which earth is subject during the 1-year oscillations 132 

normally contain a positive and a negative peak, each separated by a reversal (+/-) of the N+S 133 

SPF. Since the data is presented in 10-day averaged sets, the reversal date is considered to be the 134 

date between the 10-day marks, such that if the N+S reversed polarity from the 1st (+) to the 135 

11th (-) of a month, the 6th would be considered the day of reversal. 136 

 137 

The use of standard sunspot cycles to differentiate phases in the 11-year SPF oscillation is 138 

unsuitable because (1) sunspot cycles renew in the middle of the peak and largest fluctuations of 139 

the SPF, and (2) SPF reversals occur during sunspot maxima. In Davidson et al., 2015, the 140 

periods were separated based on the reversal periods of the north and south SPF, whereby the 141 

“SPF reversal” (minimum) period began during the declining phase of the 11-year SPF cycle, at 142 

the time when both north and south SPF have their first polarity reversal of that 11-year cycle. 143 

This phase ends when both poles have finished reversing in the ascending (magnitude) phase of 144 

the 11-year SPF cycle. The period outside the SPF reversal phase, which contains the maximum 145 

SPF values, is referred to as “SPF maximum”. During SPF reversal the peaks are smaller, peaks 146 

and reversals are more frequent (less rare), and their oscillations are less predictable and less in 147 
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in-sync with earth’s heliographic orbital position. For 30 of the 33 M8+ earthquakes in the 148 

dataset, including the largest five events (M8.6+), the SPF were in maximum phase as opposed 149 

to reversal (minimum) phase. For these reasons, the SPF maximum period is analyzed 150 

independently here, whereby the SPF reversal phases of the 11-year SPF period shall contain no 151 

data points where M8+ earthquakes are “expected” by the model except for the phase change 152 

days themselves (the first and last days of the phase).  153 

 154 

3.0 Methods 155 

 156 

Maximum SPF force is modeled as a contributor to electromagnetic effects on large (100-1000 157 

km) scales with lithospheric access via geomagnetic and global electric circuit pathways. SPF 158 

reversals are modeled here as when the “push” becomes a “pull”, when attraction becomes 159 

repulsion in the system, or vice versa. 160 

 161 

3.1 “Significant SPF Days” 162 

 163 

The “significant SPF day(s)” include 1) total (N+S) SPF peaks occurring in SPF maximum 164 

phase, 2) total (N+S) SPF reversals occurring in SPF maximum phase, and 3) SPF phase change 165 

days.  166 

 167 

The identification of the SPF data points in the model were done by Python code and confirmed 168 

by hand (manually) in duplicate. Mathematical identification of the significant SPF days was 169 

done using Python 2.7 and is available for download (Jupyter). Determining the “significant SPF 170 

days” in the model first requires separating SPF phases. SPF reversal periods in the dataset are: 171 

1) 3 September 1979 to 30 May 1980, 2) 21 August 1989 to 2 June 1991, 3) 27 November 1999 172 

to 29 June 2001, and 4) 27 May 2013 to 7 January 2015. SPF maximum occurs outside of these 173 

times. By code, N+S reversals were identified by finding all times N+S SPF underwent a sign 174 

change, going from either positive to negative or negative to positive. These dates were then 175 

filtered to only contain those dates in a SPF maximum period as determined by the dates found 176 

in the first step. Finally, since all reversals had a start and end point ten days apart, the middle 177 

day, five days between each pair of dates in a reversal was chosen as the significant point. Total 178 

(N+S) SPF peaks were identified as the date of the greatest magnitude (+ or -) of total (N+S) 179 

SPF between two N+S reversals. For a N+S peak to be significant it has to occur during a SPF 180 

maximum period and be between N+S reversals that were twenty days apart. There were a total 181 

of 213 significant SPF days out of 1540 data points. An example of the end result of this process 182 

is visualized in figure 2. 183 

 184 
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 185 
Figure 2: The N (blue), S (red) and N+S (yellow) SPF curves, with the significant SPF days during SPF 186 

maximum (green), and the beginning of a SPF reversal phase (purple) when both N and S SPF had made 187 

their first reversal of the cycle. Peaks and reversals during SPF reversal phase are excluded. In this 188 

~1250-day segment of the dataset, there are 11 significant SPF days. 189 

 190 

Manual confirmation of significant days was performed in duplicate. First, the significant points 191 

derived from the model were checked against the data in spreadsheet form. Separately, the peaks 192 

and reversals during SPF maximum were identified on a graphical representation of the SPF data 193 

(as in Figure 2), were subsequently checked against the spreadsheet to determine the dates of the 194 

points manually identified in the graph, and finally were compared to the model results both by 195 

hand and by common “compare documents” function in Microsoft Word. Upon complete 196 

agreement of the mathematical and manual methods as to identifying the significant SPF days in 197 

the entire data period, the simulations and analyses were performed. To determine if there is a 198 

relationship with the largest earthquakes, the significant SPF days were analyzed by real 199 

temporal correlation vs 10,000 random simulations generating 33 random dates within the time 200 

period (Jupyter). These 33 days would act as the “earthquake days” in the simulations, 201 

corresponding to the actual 33 M8+ earthquakes in the period, and their proximity in time to 202 

significant SPF days was statistically compared. 203 

 204 

In addition to the simulations, the random distribution expectation is tested against the actual 205 

distribution of M8+ earthquakes. 206 

 207 

 208 

 209 

 210 
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4.0 Results 211 

 212 

In 10,000 random simulations of earthquake days, the 33 simulated earthquake days were 41.63 213 

days away from significant SPF days on average. The actual 33 M8+ earthquakes in the period 214 

averaged 33.0 days away, ~20% closer in time. In the simulations, an average of 7.7 earthquakes 215 

occurred within 10 days of significant SPF days, and an average of 4.9 within 5 days. Of the 33 216 

real M8+ earthquakes, 16 occurred within 10 days of significant SPF days (>200% of 217 

simulation), and 9 occurred within 5 days (nearly 200% of simulation). Compared with the 218 

simulation, the correlation of actual M8+ events with significant SPF days fell in the 80
th

 219 

percentile in average days away, the 99.88
th

  percentile in how many were within 10 days, and 220 

the 95.25
th

 percentile in how many were within 5 days. An example of how the significant SPF 221 

days and actual M8+ earthquakes occur is shown in figure 3. 222 

 223 

 224 
Figure 3: The N+S SPF from January 2009 through December 2013 (blue), where seven M8+ 225 

earthquakes occurred in the period (red). In sequential order, the earthquakes struck a negative maximum, 226 

then four straight positive maxima, and a reversal of SPF polarity. No other M8+ earthquakes occurred in 227 

the period. 228 

 229 

The 5 largest earthquakes to occur during the total SPF data period occurred within 10 days from 230 

the significant SPF events in the model, and the largest 3 were within 5 days, as can be seen in 231 

Table 1. 232 

 233 

DATE MAGNITUDE LOCATION DAYS-AWAY SPF MOMENT 

11 Mar 2011 9.1 Japan 2 + Peak 

26 Dec 2004 9.1 Sumatra 1 N+S Reversal 
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27 Feb 2010 8.8 Chile 5 + Peak 

11 Apr 2012 8.6 Sumatra 9 + Peak 

28 Mar 2005 8.6 Sumatra 8 + Peak 

Table 1: The largest five earthquakes in the data period are listed, with their date of occurrence, 234 

magnitude, location, and proximity to significant SPF moments (days). 235 

 236 

This apparent correlation at the highest magnitude was subsequently tested in 100,000 additional 237 

simulations performed to test the frequency of the largest 5 events occurring within 10 days of 238 

significant SPF days, and the largest 3 events occurring within 5 days (Jupyter). 347 (0.347%) of 239 

simulations held the largest 5 events within 10 days, and 76 (0.076%) held the 3 largest events 240 

within 5 days. These results place the correlation of the actual M8+ events in the 99.65
th

 and 241 

99.92
nd

 percentiles, respectively. The increasing proximity of M8+ occurrence and significant 242 

SPF days with increasing magnitude across the entire dataset can be seen in Figure 4. 243 

 244 

 245 
Figure 4: Each of the M8+ earthquakes is plotted along with the days away from significant SPF days 246 

(blue stars), showing a trend (red line) of increasing proximity with increasing magnitude. 247 

 248 

The simulation results are comparable with expected statistical distributions. 213 significant SPF 249 

days distributed among the 1540 data points in the period produces and average of 7.23 data 250 

points (10-day averages), or 72.3 days between significant SPF days. Assuming 72 days between 251 

significant SPF days, the earthquakes should generally fall 0 and 36 days-away, with an average 252 

of 18 days. The simulation and the actual earthquakes were significantly worse than this 253 
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expectation, but each instance had outliers that inflate the averages. For example, three of the 254 

actual M8+ earthquakes occurred 168, 230 and 276 days-away from Significant SPF days due to 255 

the exclusion of SPF reversal phase analysis in this study. Without these three outlier events, the 256 

average days-away from significant SPF days of the remaining 30 M8+ events is 13.83, 25% 257 

lower than expected, as opposed to 33 days-away with them included. 258 

 259 

With an expected (random) average of 18 days-away, 16 or 17 earthquakes are expected to be 260 

within 18 or fewer days away. 10 days is 55.55% of 18 days, and so an expected 9.4 (.5555 x 17) 261 

of the total 33 M8+ events would be expected within 10 days based on random distribution. With 262 

an expected 28.48% (9.4/33) of the earthquakes occurring within 10 days of significant SPF 263 

days, the chances of fewer than 16 of the actual M8+ earthquakes occurred within 10 days is 264 

+98%  [P = 
n!

/k!(n-k)!(p
k
)(q

n-k
)]. This binomial probability is indicative (2) of the temporal 265 

correlation implying increasing relevance of significant SPF days with the largest events. 266 

 267 

5.0 Conclusion 268 

 269 

The temporal correlations vs randomized simulations lend support to the concept that the earth’s 270 

interaction with the SPF may be a part of the geophysical ensemble of pre-seismic processes at 271 

highest magnitude. In the 42 years since the start of the SPF dataset the M8+ earthquakes have 272 

occurred more closely in time than expected to the peaks in magnetism and reversals of polarity 273 

in the solar polar fields, especially in how many occurred within just 10 days of significant SPF 274 

days. The results of the simulations and randomness tests are compelling, and they support the 275 

previous results in Davidson et al. 2015.  276 

 277 

6.0 Discussion 278 

 279 

While it is well understood that electromagnetic phenomena precede, occur concurrently, and are 280 

evident after large seismic events, there is considerable debate as to what processes formally 281 

control these events. Similarly, here, there is a question of exactly how the SPF might play a role 282 

in the pre-earthquake processes, and why the correlation appears at the highest magnitude.  283 

 284 

6.1 Possible Mechanisms of Action 285 

 286 

The annual pattern of the SPF curve tends to bring maximum strength near the equinox, and 287 

polarity reversals near the solstice. These are appealing concepts; the fall/spring bring the 288 

maximum north/south heliographic latitude in orbital position, the fastest change of tilt relative 289 

to the sun, and therefore the largest change in angular velocity. Solstice periods represent 290 

maximum tilt of earth relative to the sun (angular velocity change reverses direction), as well as 291 

being earth’s perihelion (January) and aphelion (July). These would imply strictly gravitational 292 

forcing mechanisms of these earthquakes, would be unlikely to produce electromagnetic pre-293 
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earthquake anomalies apart from known pre-earthquake processes, and would have only a 294 

spurious correlation with the Significant SPF days. The deviation of the earthquake days from 295 

the orbital variability events follows the deviations in Significant SPF days from those orbital 296 

events in thus study. Though appealing, the concept is not new, nor is it with a positive history of 297 

correlation.  298 

 299 

The SPF themselves have little interaction with earth, but they are likely indicative of the IMF 300 

strength of the coronal holes to which earth’s magnetosphere connects, and the character of the 301 

heliospheric current sheet at that heliographic longitude. Unlike the sun’s electromagnetic 302 

radiation and charged particle emission (solar flares and CMEs, respectively), the interplanetary 303 

magnetic fields are the only element of space weather that does not contend with earth’s 304 

magnetic field but instead couples and connects with the magnetosphere, and further allows 305 

direct particle exchange. Common examples of such exchanges are “flux transfer events” and 306 

“solar energetic particle” storms, which both involve energy bypassing the magnetosphere via 307 

interplanetary magnetic fields. Once this exchange occurs, the energetic fluctuations may have 308 

access to the lithosphere through the magnetosphere (L shells) and global electric circuit vertical 309 

column. The IMF and the current sheet are known to influence the induced currents in earth’s 310 

atmosphere and ground. 311 

 312 

Piezoelectric effects, pyroelectric effects (especially in subducted plates), charge transmission 313 

and domain re-arrangement due to thermoelectric effects and crystal deformation, electro-kinetic 314 

effects of water flowing in porous rock, and the capacitance properties of olivine, indicate the 315 

potential for electromagnetic stress to affect pre-earthquake processes. A change in the 316 

electromagnetic conditions can affect the temperature of the rock, and electrochemical changes 317 

at the fault contact area would be enhanced due to their intrinsic hydration and high conductivity. 318 

The changes to the contact area could weaken the material directly at the point of slip or thrust. 319 

In addition to direct application of current in the global circuit, the ULF to UHF frequencies 320 

produced at earth’s surface by solar wind current sheet interaction with the magnetosphere are 321 

ubiquitous features at L-shell descent points into the earth. There is considerably more space 322 

weather interaction potential with the lithosphere than simply induced geomagnetic currents. 323 

 324 

Any mechanistic processes would be cumulative with existing pressure dynamics due to known 325 

earthquake processes; it would not replace the proven processes. This cumulative effect would 326 

explain why the most-correlated events here were of excess magnitude. 327 

 328 

6.2 Exogenous Pre-Earthquake Processes 329 

 330 

The existence of an electromagnetic connection from the lithosphere to the sun, via the global 331 

and interplanetary electromagnetic systems, may suggest an expanded view of ongoing pre-332 

seismic analyses and modeling, whereby space weather is currently used to exclude 333 
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electromagnetic pre-seismic anomalies as being due to a solar process rather than the seismic 334 

stress. The temporal correlation may be more than coincident, and the epicenter-focused 335 

electromagnetic anomalies may be indicative of the now well-founded large-scale 336 

electromagnetic connection of the lithosphere-atmosphere-ionosphere.  337 

 338 

Given the present analysis, the others indicating a relationship between the sun and earthquakes, 339 

the electromagnetic nature of both space weather and known pre-seismic anomalies, and the 340 

lithospheric access of the geomagnetic and geoelectric systems, there may be required a 341 

reconsideration of the independence of these events and variables. We suggest that the 342 

engagement of space weather with geophysical processes may be broader than commonly 343 

believed. The gravitational influences of earth as its distance, tilt, and angular velocity change 344 

may merit re-examination also. While a more-detailed analysis of those forcing pathways is 345 

outside the scope of this temporal study by independent methods, further research into 346 

exogenous influences over geophysical pre-earthquake processes is warranted.  347 

 348 
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