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ABSTRACT

The ability of Earth tides to trigger earthquakes has been investigated statistically. Earthquakes

occurring in the South of California and the Parkfield area with magnitude Mw ≥ 4.5 during the pe-

riod 1973 to 2007 have been used. The earth tides vertical displacement has been calculated at

the location and time of each earthquake. The relation between Earth tides and earthquake occur-

rences is measured statistically by applying Schuster’s test. Each earthquake is assigned a phase

angle between -180 and 180 degrees based on its occurrence time with respect to the local Earth

tides. The value of p is used to determine the null hypothesis that earthquakes occur randomly

with respect to the phase angle of the tidal variation. No significant correlation is observed between

earthquake occurrence and Earth tides for the data set including all earthquakes. By classifying

the data set according to the earthquake depth, a significant correlation has been found for shal-

lower earthquakes (depth ≤ 6 km). A further analysis has explored the relationship between the

earthquake occurrence and the Moon phase. The same data set has been used and Schuster’s test

indicates that there is a high relation between earthquake occurrence at shallow depths (depth ≤

12 km) and the full Moon.  The presence of aftershocks, however, does require a more detailed

analysis to establish the true significance of this result as aftershocks can lead to clustering of

earthquakes that could bias the results. 
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and seismic instruments, and is also well cov-

ered by satellites such as Envisat, ERS2,

which provide a lot of information about this

area [Donnellan et  al.,2002].

2. Evidence that tides can trigger earth-

quakes

It has been postulated for at least a centu-

ry that earthquakes and Earth tides are

linked. The stress associated with Earth tides

can be up to 5x103Pa and in ocean basins

water loading can build stresses up to nearly

5x104Pa (0.5 bars) [Cochran et al., 2004].

INTRODUCTION
1. Objective

In this paper the relationship between

crustal motion and Earth tides is examined.

The objective is to examine whether tidal forc-

es can trigger earthquakes.

The area of interest is the South of Califor-

nia and the Parkfield area. These   are defined

as high earthquake risk areas. The Californi-

an area is described as a large laboratory to

study Earth displacements and earthquakes

as the area is well covered by GPS stations
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ly number of earthquakes peaked at low tide

and at high tide [Kasahara, 2002]. A further

eruption on 8th July 2000 was followed by

several earthquakes that showed a similar re-

lation with ocean tides. Tolstoy, [2002,(9)]

found an evidence that Earthquakes occur

more frequently near low tides, especially the

lowest spring tides, when the extensional

stresses are a maximum in all directions.  A

possible explanation was the decrease in con-

fining pressure when some of the weight of

the ocean is removed at low tide. A different

result was found by [Cochran et al., 2004]

who found a better correlation of Earth tides

with shallow earthquakes and when both

Earth tides and ocean tides are taken into ac-

count large earthquakes were three times

more likely to occur during high tides than

low tides. A study of about 9350 earthquakes

with magnitude 5.5 at least has investigated

the relationship between earthquake occur-

rence and Earth tides [Tanaka, 2006]. The re-

sults show that a high correlation appears be-

tween reverse fault type earthquakes and

Earth tides, and a significant correlation be-

tween large normal fault type earthquakes

and Earth tides. There was less evidence that

other types of faults have the same correlation

with tides.

3. Earth Tides :

The Earth tide is the vertical tidal variation

on the Earth surface. It consists of two terms;

a direct term and an indirect term. The direct

term is called body tide and is due to the tidal

potential, the indirect term is called ocean

load tide and occurs due to the ocean [Tanaka

et al., 2006]. Earth tide also has another two

components; a horizontal tilting and a hori-

zontal displacement. Earth tides analysis is

Whilst this stress is a small fraction of the

stress released during an earthquake which is

typically 5-50MPa for moderate and large

earthquakes [Allmann and Shearer, 2009]

there is evidence that the tidal effects could

act as a trigger as the rate of change of the

periodic stress change by the Earth tide is

much larger than the rate of change of tecton-

ic stress [Tanaka et al., 2006]. On the other

hand, if additional stress is applied to a fault

system that is near failure it is thought that

this may initiate the rupture process that pro-

duces an earthquake [Emter,1997].

One of the earliest observations of possible

relations was that for several days after an

earthquake at Ito, Japan (1930), the number

of earthquakes occurring per hour during low

tide was higher than during high tide [Nasu et

al, 1931]. Several recent papers have demon-

strated a significant relation with certain

types of earthquake. Tanaka et al, 2005,

studied the relation between Earth tides and

earthquakes that occurred before the 2004

Sumatra earthquake Mw= 9.0. The results

showed a high relation for the ten years be-

fore the 2004 Sumatra earthquake especially

around the initial rupture point of the main

shock. They did not observe the same relation

neither at other times nor over the larger re-

gion.  They also observed that the peak earth-

quake occurrence occurred when the tidal

shear stress was at its maximum. Their study

suggests that if the tectonic plate stress is

near critical condition, a small variation in

the stress due to the Earth tide can trigger a

large earthquake.

After the October 1983 Miyake-Jima vol-

canic eruption, for the next 14 days, the hour-
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catalogues lmax is equal to 6, 3, and 2 for The

Moon, the Sun and other planets respectively

[Wenzel, 1997]. About 98% of the tidal poten-

tial V comes from degree 2.

3.2 Earth Tides prediction

This analysis used the ETERNA 3.30 soft-

ware package; a powerful tool which can be

used for Earth tides data processing with high

accuracy on all areas worldwide. It has been

created by Wenzel 1996 and a lot of modifica-

tions and new models have been added to the

software package. It enables recording, pro-

cessing, analysis and prediction for all the ti-

dal wave parameters for any place worldwide

e.g. Earth tides gravity, displacement, strain,

etc. to be predicted with high accuracy. 

The tidal parameters for about 977 earth

tides stations worldwide can be found on web

address http://www.astro.oma.be/ICET/reg/

Tidal_gravity_modeling.htm. The tidal param-

eters include the Oceanic tides.

The stations are grouped into 21 groups

according to their geographical positions. The

tidal parameters of the study area can be

found in NORTH AMERICA group which con-

tains about 93 stations. The web side pro-

vides fifteen tidal wave parameters (M0S0,

SSA, MF, Q1, O1, P1, K1, J1, OO1, N2, M2,

S2, K2, M3, and M4) for different types of

earth tides prediction programs as Predict,

MT80w and T-soft. A tidal parameters cata-

logue file has been created for the worldwide

stations. The following information has been

used;  longitude, latitude, depth and gravity,

amplitude and phase shift for the tidal wave

parameters M0S0, SSA, MF, Q1, O1, P1, K1,

J1, OO1, N2, M2, S2, K2, M3 and M4.

used to find out the parameters of the module

which describe the Earth response to Earth

tides taken into account the earth, station

and sensor properties [Wenzel, 1997].

3.1 Tidal potential

At any point P on the Earth’s surface the

tidal acceleration   can be calculated as the

summation of the gravitational acceleration

    and the orbital acceleration    . The tidal

acceleration   can be formulated by using

Newton’s gravitational law and can be given

as:

 Where 

G (the National gravitational constant) =

6.6672x10-11 m3.

Mb = Mass of the celesitial body.

    = Topocentric distance vector.

    = Geocentric distance vector.

The tidal acceleration   can be calculated

as the gradient of the tidal potential ν : 

Where

r = Radius  vector

At geocentre    = 0, so as     , V= 0 and

equation (2) can be written as:

Where

Ψ = geocentric zenith angle

Using   a  series   of  Legendre  polynomials

            , equation (3) can be formulated as:

r/s is about 1.6*10-2 and  4*10-5 for the

Moon, and the Sun respectively and so the se-

ries converges readily. In the most accurate
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the Long Valley Caldera; a depression in east-

ern California that is adjacent to Mammoth

Mountain.

 

Fig. 1 : Earthquakes location with magnitude

> M4.5.

Statistical test:

The correlation between Earth tides and

earthquake occurrences can be measured sta-

tistically by applying Schuster’s test [Tanaka,

2002], [Heaton, 1982], and [Heaton, 1982]. If

the time of the earthquake is plotted against

the Earth tide a phase angle can be defined.

This phase angle is between -180 to 180 as

seen in figure 2. 

RESULTS 
4.1 Earth Tides

On 22nd December 2003, an earthquake

with magnitude M6.5 occurred in the central

coast of the Californian area at latitude

35.706N and longitude 121.106W. This is

known as the San Simeon earthquake. Nine

months later another earthquake with magni-

tude M6 struck the same area again at lati-

tude 35.815N and longitude 120.374W. This

was located in the region around Parkfield, a

region that lies on the San Andreas Fault and

is characterised by regular earthquakes. Re-

search to measure the Earth tidal vertical dis-

placement during the occurrence of other

earthquakes near the epicentres of both

earthquakes during the period 1973 to 2007

has been done. Earthquakes with Mw > 4.5

have been chosen for this study in order to

ensure that events larger than the back-

ground seismicity were selected. The research

initially investigated an area of about 100km

X 100km centred near the epicentre of both

earthquakes in the Californian area. The

number of earthquakes was too small to pro-

vide accurate results, so the area was en-

larged until there were about 242 earth-

quakes of   the required magnitude. The area

assigned was from latitude 33.81N to latitude

37.81N and from longitude 122.37W to longi-

tude 118.37W. The 242 earthquakes identi-

fied were used to investigate the relation be-

tween Earth tides vertical displacement and

earthquakes occurrence in this area. The lo-

cations of all 242 earthquakes are shown in

figure 1. 

The  earthquakes in the line running SE/

NW all occur along the San Andreas Fault.

Earthquakes to the NE are associated with
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<0.05 to consider a correlation between Earth

tides and earthquakes occurrence [Tanaka,

2002].

The results of p values can be seen in Ta-

ble 1 where the p value has been calculated

for different earthquake depths.

It can be seen that there is no correlation

between the Earth tide vertical strain and

earthquake occurrence when all the earth-

quakes are included. The p value reduces as

the depths of the earthquakes included be-

come shallower. For earthquakes occurring at

a depth of 6 km or less, a significant correla-

tion can be seen. The locations of the earth-

quakes occurring at depths of 6 km or less

can be seen in figure 3.

Figure 4 shows the phase shift distribution

and frequency distribution for different earth-

quake depths as in table 1.

The earthquakes are shown according to

phase angle in bins of 45o width. Following

Tanaka (2002), the least square sinusoidal

curve  fitting  has  been applied to the fre-

quency distributions. The equation of the

Fig. 2 : Tidal phase angle shift (Tanaka et al.

2002). Assign 0o and +180o  to the

maximum and the minimum of the

tidal shear stress respectively just

before or after each earthquake.. A

linear scale with time has been used

to calculate the tidal phase angle.

The Schuster’s test is used to determine if

the occurrence time of the earthquake has a

correlation with the Earth tide variation. The

Schuster’s test can be given as: 

         

And

Where

N = Number of earthquake

θ  = Phase angle shift

The value of p is used to determine the null

hypothesis that the earthquakes occurs ran-

domly with respect to the phase angle of the

tidal variation. The value of p varies between

0 and 1, as p approaches 0 the null hypothe-

sis that earthquakes occurs randomly tends

to be small i.e. there is a positive correlation

between the Earth tide phase and the occur-

rence of earthquakes. P is often required to be

D i
i

N

i
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Table 1: P values for different earthquake
depths.

Depth Number of
earthquakes

P
value

All earthquakes

≤ 12 Km
≤ 10 Km
≤ 8 Km
≤ 6 Km
≤ 5 Km

242

199
172
117
80
50

47.81 %

32.59 %
10.79 %
6.46%
4.73 %
0.03 %
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   (c) Depth < 10 km           (d) Depth < 8Km

   (e) Depth < 6 km           (f) Depth < 5Km

Fig. 4 : Phase and Frequency distributions.

The range of the earthquakes depths, the p

value obtained by the Schuster’s test, and the

total number of earthquakes included in each

data set is shown in the top left of each histo-

gram. Also the tidal phase angle for each

earthquake occurrence time for each set can

be seen in the histogram.

Whilst the p value does decrease as   earth-

quakes become shallower (Figure 4.a- 4.d), it

is not until depths become 6 km or less where

the correlation becomes significant. Figure 4.e

shows the result of analysis using 80 earth-

quakes occurred at depth 6 Km or less. About

73 earthquakes with magnitude between 4.5

and 5.5 occurred within this set. A clear clus-

tering of earthquakes at the phase window be-

tween 90o to 135o can be seen from the histo-

gram, and the p value is significant (p=

4.73%). The results for earthquakes occurred

at depth 5 Km and less (Figure 4.f) show a

significant high correlation   (p= 0.03%) which

least square sinusoidal curve fitting is:

Fig.  3 :  earthquakes  locations  with  depth

< 6 Km.

Where

θ   =  Phase angle.

P0 =  Mean frequency.

P1 =  Amplitude of the fitted curve.

Φ  =  Phase of the fitted curve.

      (a) All Data                    (b) Depth < 12km

P P P( ) cos( )θ θ= + −0 1 Φ (7)
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in the following steps:

1- The maximum difference between the

high tide and low tide occurs during the

new and the full Moon and the mini-

mum difference between the high tide

and low tide occurs during the first and

third quarter.

2- The Moon phase angle is assigned at the

occurrence time of each earthquake. It

is measured from the maximum of the

Earth tides that occurs closest to the

time of the earthquake. The Moon phase

angle can take a value between -180o to

+ 180o where ±180o corresponds to the

minimum Earth tide and 0o corre-

sponds to maximum Earth tides   

3- The tidal phase angle for each earth-

quake (see Tanaka, 2002) can be calcu-

lated by a linearly dividing the time in-

terval between the maximum and

minimum of the tidal stress.

4- Apply the Schuster test to calculate the

p value.

The results for the calculated p value are

shown in table 2. 

means, that there is a high correlation be-

tween earthquakes occurring at depth 5km or

less with Earth tides. A total number of 50

earthquakes have been used to calculate the

p values. The angle where these earthquakes

tend to occur can be calculated by using

equation 7. The phase angle at the peak of the

occurrence frequency distribution is about

113o. The gradient of the vertical displace-

ment reaches its maximum at phase angle

90o. The high correlation around this angle

suggests a possible link between earthquakes

and the rate of change of Earth tide vertical

displacement. 

4.2 Earthquakes and the Moon Phase

The amplitude of the attraction force of the

Moon - Earth - Sun system varies through the

lunar month as the relative position of the

Sun and the Moon change. Figure 5 shows

the Moon phase during the lunar month. The

Earth tide is maximum during the new and

full Moon and minimum during the first and

the third quarter. Research work has been

done to investigate the relation between earth-

quake  occurrence  and the  Moon  phase. Us-

ing the same data set, the lunar date of each

earthquake has been calculated by using a

calendar converter program online at  web

site http://www.fourmilab.ch/documents/

calendar/. The Shuster’s test has then been

applied to  find out if there is a correlation be-

tween earthquake occurrence and the Moon

phase. The semidiurnal tidal range varies in a

two-week or fortnightly cycle and so the time

of the earthquake has been identified with re-

spect to this cycle

Before applying the Schuster’s test, some

modifications have to be done before it can be

applied correctly. These   can be summarized

New

Full

First Third
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(c) Depth < 10 km           (d) Depth < 8Km

   (e) Depth < 6 km           (f) Depth < 5Km

   (g) Depth < 12 km           (h) Depth < 10Km

Fig. 6 : Frequency distributions.

Table 2 shows that when all earthquakes

are included the p value is 29.03%. The p val-

ue reduces significantly when the earth-

quakes are classified into two sets; the first

one for earthquakes at depths of 12 Km and

less and the second set for earthquakes at

depths greater than 12 Km. The number of

earthquake is 199 for earthquakes occurring

at depth 12 Km and less. The p value is equal

to 4.44% and there is a trend of earthquakes

to occur near day number 13 i.e. near the full

p values have been calculated for different

earthquake depths. It can be seen that there

is no correlation between the Moon phase and

earthquakes occurrence when all earthquake

are considered. Figure 6 shows the phase

shift distribution and frequency distribution

for the different earthquakes depths shown in

table 2.

(a) Depth < 24 Km             (b) Depth < 12 Km

( ) p

Table 2 : P values for lunar day number and
earthquakes for different earthquake
depths.

Depth
Number of

earthquakes
P

value

All earthquakes

≤ 12 Km
≤ 10 Km

≤ 8 Km

≤ 6 Km

≤ 5 Km

>12 Km
>10 Km

> 8 Km

> 6 Km

> 5 Km

242

199
172

117

80

50

43
70

125

162

192

29.03 %

4.44%
3.34 %

15.58 %

1.02 %

43.73 %

2.71 %
5.2 %

64.19 %

21.08 %

34.34 %
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ever there is a clear correlation between shal-

low earthquakes (h < 6 km) and vertical dis-

placement. The same test has been carried

out to investigate the relation between the

earthquake occurrence and the Moon phase.

There is a tendency for significant relations

between the moon phase and earthquake oc-

curring at depths of 12km or less.
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W?�«“ù«Ë q�Q?� r?�∂ WK�?C�« ‰“ôe�«  ÀËb?� 5� Èu??� ◊U?�	—≈ œu?�Ë k�u� U?N?I??L?F� ÎU?I?�Ë  U?�u?L??"?� v�≈ ‰“ôe�« nOMB	 b?M� sJ� ¨—e?'«Ë

—U��?�ô« fHË ‰“ôe�« W�uL"� fH Â«b?���U�  dLI�« q�«d?�Ë ‰“ôe�« ÀËb� 5�  W�öF�« ·UA?J��ô W�«—œ X9 p�c�Ë ¨—e'«Ë b?LK� W
œuLF�«

l�«u	 œu?�u� Î«dE?Ë d?L?I�« ‰U?L?�?�≈ WK�d?�Ë q�Q?� r�±≤ WK?�?C�« ‰“ôe�« ÀËb?� 5� W
u?� ◊U?�	—≈ W?�ö?� œu?�Ë ZzU?�?M�« X�?{Ë√Ë ¨vzU?B?�ù«

ÆUN� vIOI(« ÈeG*« b
b��� ÎöOBH	 d)�√ W�«—œ v�≈ ÃU�% W"O�M�« Ác+ ÊS� WO�«e�“
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