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Introduction

For over 100 years, scientists have been searching for a temporal relation between earthquakes and the Earth Tides (Emter, 1997; Schuster, 1897).  Such a relation is plausible because the tides wax and wane with predominantly diurnal (12-hour) and fortnightly (14-day) periods.  This plausibility is strengthened by the fact that the stressing rates in the Earth’s crust resulting from the tides are far greater than from other known loads, such as tectonic plate motions (Vidale et al., 1998).


Studies from the last 10 years have focused on diurnal tides.  The highest resolution studies find at best a few percent variation in the rate of earthquake occurrence due to diurnal tide stressing (Ohtake et al., 2001; Tsuruoka et al., 1995; Vidale et al., 1998), except at the places with the largest tides (Cochran et al., submitted).  Some studies suggest the tidal triggering of earthquakes varies with tectonic region; the highest correlations have been found in ocean ridge environments (Tolstoy and Vernon, 2002).  The lack of a strong correlation of earthquakes with the diurnal tides suggests a delay may occur between achievement of high tidal stresses and the triggering of an earthquake.  If the delay is of the order of a few days, than we should be able to capture the correlation within a window spanning several days about the times of highest tidal stress.  This method has been pioneered by James Berkland (www.syzygyjob.com) and termed “syzygy.”   Syzygy refers to the new and full moon primarily depends on the Sun-Earth-Moon angle (Figure 1).  The syzygy hypothesis was tested by analyzing over 2,000 earthquakes in the San Francisco Bay (McNutt and Heaton, 1981).  They showed that predictions based on the Sun-Earth-Moon angle are not sufficiently powerful to make societally useful earthquake risk predictions for the bay area.  In additional, the California and global catalogs have been searched for correlations of earthquakes with 1, 13.66, 26 and 365 day periods and found none (Hartzell and Heaton, 1989).  The concept of syzygy has persisted long enough, however, to merit its reexamination in the cases of its greatest claimed successes.  


The second author of this paper has been visiting earthquake bulletin boards and found three instances of claims of correlation between earthquakes and syzygy windows that merited investigation.  The three cases are: (1) Events M > 4.0 in the Pacific Northwest since 1995, (2) events M > 4.2 near San Jose since 1970, and (3) global earthquakes M > 7.0 since 1970.  In the last case, a surprising 33% of the earthquakes of M > 7.0 occur in time ranges predicted by the syzygy method to be high earthquake rate time ranges, although an analysis of longer and more complete catalogs show more random results (Jim Berkland and Roger Hunter, pers. comm., 2004).  Were the earthquakes randomly distributed, we would expect them to fall within these time ranges only 27% of the time (see Section III: Primary Windows).  Practitioners of syzygy have maintained a loyal following over the decades by insisting that earthquakes of large magnitude show a much stronger correlation with the syzygy pattern than small earthquakes.  If such a statement were statistically verified, it would question the widely accepted idea that small earthquakes originate from the same mechanisms as large earthquakes (Vidale, 1996).  The prospect of further understanding the origins of small and large earthquakes, in particular whether or not large earthquakes are more likely triggered by tidal loading, was the primary motivation for this study.  We have investigated the robustness of the claimed correlations of syzygy with events in the Pacific Northwest and events in near San Jose (Figure 2).

This study stands out from previous studies because it attempts to correlate earthquakes with oscillations in the ocean water level instead of the earth-moon-sun phase and distances.  Our results serve as a natural validation and extension of the McNutt and Heaton study, which found, for the 9-year period 1969-1978, the syzygy method did not correctly predict times of increased earthquake occurrence in the San Francisco Bay.

Our Data Set: The Pacific Northwest & the San Francisco Bay

We studied earthquake and tidal records from two regions.  The database (www.pnsn.org) included 3,128 earthquakes from The Pacific Northwest Coast and 4,247 earthquakes from the San Francisco Bay (see Figure 2), all of magnitude M > 2.0.

We eliminated most aftershocks by excluding from consideration all earthquakes within 24 hours of a previous earthquake in the same catalog.  This procedure minimizes that the statistical problem of non-independent times of bursts of aftershocks.  Any residual clustering of the earthquakes in the catalogs would only serve to reduce the significance of the correlations, which below we find to be insignificant anyway.

The Pacific Northwestern Region of our study is large geographically, and includes all of Oregon and Washington.  However, it is not necessary to divide it into sub-regions for two reasons: (1) There exists no concentrated localized earthquake source region that would demand an analysis on one part of the region unique from the remainder, and  (2) We analyzed tidal water levels as recorded at different observations stations along the Pacific Coast of this region, and there do not exist any major phase shifts between stations on the fortnightly timescale.  There does exist a phase shift between the observed water level on the Pacific Coast and within the Straight of Juan de Fuca, but this shift is not produced by a variation in the earth’s tidal forces but by the local geographical influences on the observed water level.  We may therefore analyze all of the earthquakes within the Pacific Northwest with tidal records from a single location. 

Our study uses postdicted tidal records calculated for 1970-2003 at Astoria, Oregon and also for Monterey, CA.  In addition, measured tidal records are available for 01/1996 - 06/2003.  We analyzed 1,362 earthquakes within this 8-year period for the Pacific Northwest Region using both the postdicted tides and the physically observed tides.  Results from both analyses were very similar.  For the purposes of our study, therefore, no disadvantage came from using postdicted tides instead of physically measured tides, and we used postdicted tides to analyze events from 34 years of earthquake catalogs.  Physically measured tides as well as postdicted tides for the regions of our study are readily available at co-ops.nos.noaa.gov.

Vocabulary and background

Tidal Envelope Function
We are interested in the tidal envelope function, (t), defined here in the usual way: 
(t) = (2(t)+(H[(t)])2)1/2.

In this equation, (t) is the observed water level at time t, and H[(t)] is its Hilbert transform (Hahn, 1996).  The envelope captures well the amplitude of the stress modulations that we are interested in.  A small portion of the tidal time series is plotted in Figure 3.

Syzygy and Perigee

The moon's path about the earth is an ellipse of eccentricity e = 0.05, which is nearly circular.  Perigee occurs at the point of the moon's closest approach to the earth in a given circuit around its mother planet.  Syzygy occurs when the earth, moon and sun are colinear, commonly referred to as the new and full moon.  Tidal stresses are highest at times corresponding to perigee and syzygy.  This phenomenon is commonly called the “fortnightly tides” by the regular beachgoer, who notices the tides are exceptionally strong once every two weeks, a consequence of the moon’s period, 27.32 days.  The strongest tidal amplitudes in the fortnightly cycle normally occur at the times of syzygy (see figure 1).

Seismic Windows

Previous studies have attempted to correlate earthquakes to syzygy and have shown no clear positive correlation (McNutt and Heaton, 1981).  Unlike previous studies, which have used simply the day of occurrence of the new and full moon to determine the most likely time ranges in which earthquakes might occur, we determine these preferred time ranges with the tidal envelope function.  We locate the time of each relative maximum of the tidal envelope function on the fortnightly (14 day) time scale and define the seismic window to be the time range spanning [-2 days, +6 days] about this maximum (Figure 1(d)).

Jim Berkland, and advocating his syzygy theory, points out that for earthquakes of magnitude 4.0 or greater that occurred in the Pacific Northwest (see Figure 2(a)) between 01/1995 and 06/2003, a surprising 14 of 17 are found to occur within a window spanning [-2 days, +6 days] about syzygy (www.syzygyjob.com).  One of Berkland’s 17 earthquakes does not fit into our seismic window, because the fortnightly maximum of the tidal envelope function is shifted sufficiently far in time from syzygy.  Such instances are rare, however, and our method of locating the seismic window produces similar results to the method of Berkland’s syzygy method.  Our method is more robust, however, because the tidal envelope function takes into account perigee and other gravitational effects and is therefore a better indicator of ocean loading than simply the occurrence of the new and full moon.  This study seeks to determine if earthquakes are more likely to occur within the seismic windows than expected at random.

Primary and Secondary Windows

The period of the moon’s circle about the earth is 27.3 days.  During one complete lunar cycle, there occur 2 maxima of the tidal envelope function, one being of larger magnitude than the other.  The larger maximum defines a primary window and the smaller a secondary window (see Figure 1(d)).  The syzygy theory suggests there is a high rate of earthquakes occurring within the seismic windows, and the rate is even higher within the primary seismic windows.

Statistical Methods

We perform Monte Carlo simulations to see if there is a higher rate of earthquakes occurring in seismic windows than one would expect if the earthquakes were distributed at random times.  A correlation might conceivably be seen for only certain magnitudes, so we separately investigated four datasets for each region: with magnitude ranges 2.0 < M < 3.0; 3.0 < M < 4.0; M > 4.0; and all events M > 2.0.

For example, the Pacific Northwest dataset contains 3,128 earthquakes of magnitude M ≥ 2.0.  For each simulation we created 3,128 “random” earthquakes at randomly generated times.  After performing 25,000 simulations, we counted the number of “random” earthquakes occurring within seismic windows for each simulation.  The resulting summary for all simulations is a Probability Distribution Function (PDF) (Figure 4).  We define ACL to be the fractional area of the PDF lying to the left of the number of earthquakes from our data set, inclusively, which occurred in seismic windows.  ACL measures the level of confidence, for a given PDF, that the earthquakes do not fit the same distribution as randomly timed earthquakes.  In this case, 41% of the simulations had fewer events occurring in windows than we observed.  In general, roughly 95% to 99% would be typical numbers required to infer significant correlations.

Conclusions

We performed simulations on the 8 subsets of data, four for each region.  Values of ACL for each region are given in Tables 1 and 2.  None of these simulations yielded a significant correlation.

Specifically, for our most powerful tests, we performed simulations on all earthquakes of magnitude M > 2.0 within each dataset.  This included 3,128 earthquakes in the Pacific Northwest, and 4,247 earthquakes in the San Francisco Bay.  The resulting PDFs from this simulation were given in Figure 4, and are seen to have a gaussian distribution.  For the PNW and the S.F. Bay regions, the number of events from the earthquake catalogs occurring in seismic windows lie at the center of these probability distributions, yielding values of ACL equal to 0.41 and 0.45, respectively.  Such values indicate the earthquakes fit a random distribution exceptionally well.

In addition, we performed all of the simulations mentioned above for earthquakes in seismic windows also for earthquakes occurring just in the primary windows, and include these results in the tables as well.

In summary, we performed 16 random number test on various subsets of our data.  None of these simulations yielded a confidence level of ACL > 0.9.  This indicates the earthquakes are consistent with a random distribution when correlated to the fortnightly tides.  Advocates of syzygy insist that the rate of earthquake occurrence is highest in the primary windows.  Our results do not support this speculation.  In fact, we constrain the rate of earthquakes to be no more than 5% higher during either choice of windows, and entirely consistent with no influence of the windows on the seismicity rate whatsoever.
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Figure 1.  (a) Syzygy occurs at the times when the sun, moon and earth are co-linear, specifically on each full moon,  = , and each new moon,  = 0.  (b) Perigee (apogee) occurs when the moon is closest to (furthest from) the earth in a given circuit.  (c) The moon's orbit about the earth is approximately circular with elliptical eccentricity e = 0.05 and roughly constant period of 27.32 days.  (d) The tidal envelope function, (t), as recorded at Astoria, Oregon.  Shown also are seismic windows, [-2 days, +6 days] around each fortnightly maximum of the tidal envelope function; primary windows are shown in bold.
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Figure 2.  (a) The Pacific Northwest Region includes 3,128 earthquakes that occurred in the states of Oregon and Washington, 1970-2003.  Water levels were taken at Astoria, Oregon.  (b) The San Francisco Bay Region includes 4,247 earthquakes, which occurred within a 75-mile radius, centered near San Jose.  A magnification of the region is inset in the bottom right corner.  Water levels were taken at Monterey, CA.
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Figure 3. (a) The observed water level (relative to its average), (t) is plotted on the same axis as its hilbert transform, H[(t)].  (b) The tidal envelope function, (t).
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Figure 4.  (a) Probability Distribution Function (PDF) for 2.0+ earthquakes for PNW Region.  1,688 of the 3,128 events occurred in seismic windows.  This corresponds to a confidence level of 41%.  (b) PDF of 2.0+ earthquakes for SF Bay.  2,293 of the 4,247 events occurred in seismic windows, yielding a confidence level of 45%.
	Range
	NQCATALOG
	NQWINDOWS
	ACL
	NQPRIMARY WINDOWS
	ACLPRIMARY WINDOWS

	2.0-3.0
	2707
	1458
	0.60
	700
	0.77

	3.0-4.0
	347
	191
	0.57
	98
	0.72

	4.0+
	74
	39
	0.28
	16
	0.08

	2.0+
	3128
	1688
	0.41
	814
	0.26


Table 1.  Results from the Pacific Northwest Region (Figure 2(a)).  NQCATALOG is the number of earthquakes from our data set.  NQWINDOWS is the number of earthquakes occurring in seismic windows.  ACL is the fractional area of the PDF (see figure 4) lying to the left of NQWINDOWS.  ACL < 0.9 indicates the earthquakes are randomly distributed with respect to the fortnightly tides.  NQPRIM.WIN. and ACLPRIM.WIN. have similar interpretations, but for earthquakes occurring only in the primary seismic windows.  

	Range
	NQCATALOG
	NQWINDOWS
	ACL
	NQPRIMARY WINDOWS
	ACLPRIMARY WINDOWS

	2.0-3.0
	3657
	1964
	0.32
	949
	0.34

	3.0-4.0
	476
	261
	0.58
	123
	0.64

	4.0+
	114
	68
	0.82
	29
	0.33

	2.0+
	4247
	2293
	0.45
	1101
	0.42


Table 2.  Results from the San Francisco Bay Region (Figure 2(b)).  
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