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Abstract

Frequency magnitude distribution of all types of earthquakes has received consider-
able attention in the last few decades. Their linear logarithmic relationship remains
the most accepted. The a and b constants of this equation, their values and variations
have been studied in detail. It is largely agreed that for the seismicity of the whole
Earth, its hemispheres, quadrants and large epicentral regions are a=10.0 and b=1.0.
The b-variations have long been investigated and reported to occur in different forms
and values. Long- and short-term b-variations occur in a continuous cyclic man-
ner and may exceed * (0.6 — 0.7) of its absolute value. These are observed to occur
not only yearly or monthly but also daily. The b-value always attains maxima and
minima before and after the occurrence of all large earthquakes. Many days before
the occurrence of large earthquakes, b-values start increasing at variable gradients
that are affected by foreshocks. It attains a maximum value shortly before each large
earthquake and a minimum on its occurrence. Many factors have been proposed to
explain the b-variations including prevailing stress, crustal heterogeneity, focal depth,
pore pressure, geothermal gradient, tectonic setting, and other factors. Considering the
b-variations of the whole Earth, its hemispheres and quadrants and considering that
most proposed factors are directly or indirectly related to the stress, it is concluded
that this remains the major factor. It is found that for large earthquakes with Mw > 7,
an increase of about 0.20 in the b-value implies a stress increase that will result in an
earthquake with a magnitude one unit higher.

Keywords: earthquakes, b-value, spatiotemporal, seismicity, frequency-magnitude

1. Introduction

During the last few decades, different frequency-magnitude relationships have been pro-
posed to explain the earthquake distribution in any region. These include the double power
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law and the exponential and Weibull distributions. The linear empirical relationship of Eq. (1)
as originally suggested by [1-3] remains the most used among seismologists worldwide:

LogN =a-bM (1)
where “N” is the total number of earthquakes with magnitudes > M. The variable “a” rep-
resents the total seismicity rate and the level of seismic activity of a region, while the slope
“b” describes the relative size distribution of its earthquakes. Both parameters are of vital
importance in seismicity, seismotectonics, and other related studies. The variable “b” has
received much more attention and was subjected to many statistical, analytical, and evalua-
tion techniques within the last few decades. To illustrate the long-term global average of both
a and b values, [4] compiled the seismicity data for all earthquakes that occurred globally
during the period January 1990-December 2012 with magnitudes M > 4.5 from the National
Earthquake Information Centre (NEIC) of the US Geological Survey, the Incorporated
Research Institutions for Seismology (IRIS), and the International Seismological Centre (ISC)

Region NEIC IRIS ISC Average b-values
Jan. 1,2000-Dec. Eastern Hemisphere No. of 45,775 48,318 81,121 1.01
31,2010 carthqs 1.03 0.99 101
b-Values
Western No. of 22,089 22,117 112,861 1.02
Hemisphere earthqs 1.08 0.96 1.01
b-Values
Whole Earth No. of 67,864 70,435 193,983 1.03
earthgs 1.07 1.02 1.01
b-Values
Overall 1.02 £ 0.02
b-Average
Jan. 1, 1990-Dec. Eastern Hemisphere No. of 85,954 46,147 146,939 1.02
31,2012 earthqs 1.04 1.06 0.96
b-Values
Western No. of 39,809 102,337 204,099 1.05
Hemisphere carthqs 112 1.08 0.96
b-Values
Whole Earth No. of 125,763 148,484 351,038 1.03
earthgs 1.07 1.07 0.96
b-Values
Overall 1.03 £ 0.03
b-Average

Table 1. The a and b values as calculated by [4] for the whole Earth and its Eastern and Western Hemispheres utilizing
compiled seismicity data from NEIC, IRIS, and ISC catalogs for the period Jan. 1, 1990-Dec. 31, 2012.
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catalogs and subjected the data to least-square regression analysis for the calculation of both
a and b. Their results, Table 1, indicate that the a-value is mostly in the range 9.5-10.1 for the
whole Earth and its hemispheres. With slight variations between the seismicity data of the
three sources and the major regions of the Earth, the a-value averages at about 10.0. These
values are in agreement with most previous published results, for example, see [5-13].

Both parameters show a relatively wide range of spatial and temporal variations, particularly
the b-value, which displays continuous local, regional, and global fluctuations on various
timescales of up to 0.5-0.8 of its absolute value or more [4, 14]. On a local scale, it shows a rela-
tively wide range of variation (0.3 to 2.5) or more, for example, see [1, 4, 7, 11, 12, 14-36] and
references therein]. Such b-variations are known to accompany microearthquakes as reported
in a few laboratory experiments [17], to induced earthquakes associated with mining, large
water reservoirs, and other man-made activities [18, 38-40], to large tectonic earthquakes
[4, 14, 4144, 46] . A few studies, however, contradict with this and claim that such temporal
and spatial b-variations are apparent and interpreted them as artifact rather than natural, for
example, see [6, 8, 47, 48]. Some studies claim that temporal variations are of second order
compared to the spatial variations and are generally more difficult to observe [7, 30, 33].
Details on the regional and global spatiotemporal b-variations, their characteristics, their clas-
sifications, and the main factors affecting them are presented and discussed in this chapter.

2. Classification and causes of b-variations

In their review, [4] reported the following classification as compiled from published literature
on the b-variations:

1. An increase in the b-value before the occurrence of major earthquakes during variable
periods of time that extend many years in some cases and an immediate drop soon after
their occurrence. Case studies cover different parts of the world, for example, Venezuela
[20], China [22], and New Zealand [24].

2. A decrease in the b-value before the earthquake for variable periods of time that may be
many years in some cases and an increase thereafter [5, 7, 17, 18, 29, 31, 33, 35, 39, 43, 44,
49, 50].

3. Anincrease in the b-value long before the main earthquake followed by a short-term drop
shortly before its occurrence [27, 28, 51].

4. Continuous cyclic b-variations that occur over the years, months, and days both locally and
regionally. The short-term variations are much larger and may exceed 0.7-0.8 of its absolute
value. A few weeks before major earthquakes, the b-value starts increasing gradually with
variable gradients that are affected by relatively large foreshocks. Soon before the earth-
quake, the b obtains a maximum and drops down to a minimum on its occurrence [4, 14].

5. A limited number of studies claim that b-variations are apparent and interpreted to be arti-
fact rather than natural and are thus considered insignificant, for example, see [6, 8, 47, 48].

89
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Such studies are limited compared to the many studies that report and confirm the spatial
and temporal b-variations.

The factors that affect all reported spatiotemporal b-variations have been compiled and dis-
cussed by [4, 14] who claim that such variations are caused by one or more of the following
factors:

1. Anincrease in the applied stress or effective stress is believed by many researchers to result
in a b-decrease and vice versa, e.g., [7, 30-33, 35, 41-44]. This is evidenced by some limited
laboratory experiments [15, 17]. Other studies however report that the b-value increases
before the major earthquake, i.e., with stress and decreases thereafter [22, 24]. From their
calculations to the b-variations of the whole Earth, its two hemispheres and four quadrants
[4, 14] concluded that the stress remains the major factor that affects b-variations. The b
increases with stress and shows gradual increase to maxima soon before large earthquakes
and minima on their occurrence.

2. Variations in crustal heterogeneity, either primary or secondary, the second being brought
about by one or both of the following causes: (a) rock deformations due to their folding,
faulting, fracturing, cracking, and micro-cracking and (b) liquid and other magmatic mate-
rials invading the subsurface rocks. Fluid and pore pressure increase is believed by some
to increase the b-value, for example, see [7, 19, 30]. In general, the b-value is reported to
increase with the crustal heterogeneity [52-54].

3. Latent heat as introduced to the rocks by intrusions is believed to increase the b-values.
Limited laboratory experiments are claimed to support this idea [25, 55]; see also [30, 33,
35, 43, 44].

4. Tectonic characteristics and focal mechanisms have long been suggested to cause b-varia-
tions [15, 16, 23]. Normal faulting is believed to be associated with relatively high b-values,
strike-slip with intermediate, while thrust faulting is claimed to have the lowest b-values
[1, 41, 56-58]. Creeping segments of faults appear to display high b-values, while asperi-
ties are reported to be characterized by anomalously low b-values [7, 33]. Ref. [26] have
reported low b-values in the upper boundary of the subducting plates and high in the
lower plane; see also [29, 56]. Contrary to this, other researchers suggest that there is little
variation of b between different tectonic regions, for example, see [6, 8].

5. Petrological, environmental, depth, and some geophysical characteristics of rocks are
reported in many cases to display b-variations. From his laboratory measurements, [17]
reported that frictional sliding and deformation of a ductile rock were found to have higher
b-value than that observed in brittle rocks. Variations in the b-values with depth are reported
in different localities, e.g., California, where it is reported to decrease with depth [7, 30, 53].
In some other regions, high and low b-values are related to low and high P-wave velocities,
respectively [26, 59]. On land, low Bouguer anomalies are reported to correlate with low
b-values, while the opposite is suggested for offshore anomalies [25]. In one case, temporal
b-variations are suggested to be caused by seismicity migration [21].

6. In each b-calculation for any region, the magnitude scale for all earthquakes should be
the same. Using different scales in the one set of calculation or different calculations will
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result in different b-values. [31] deduced a b-value = 1.5 for Mexican earthquakes utilizing
the duration magnitude (Md) and a b-value = 0.85 for the same set of earthquakes when
magnitudes were converted to Ms.

7. It was reported by [4, 14] that the b-variations are also affected by the selected calculating
technique and how it is applied. The most used methods in the b-calculations are the regres-
sion and the maximum likelihood [60-62]. Both methods are sensitive to small numbers of
earthquakes in the time window, but a reasonable correlation is observed between the results
of both methods, as long as the numbers of earthquakes in the analyzed windows are large
[14]. The calculated b-values are also affected, albeit slightly, by the length of the time win-
dow. They also show some slight variations between the use of moving and expanding time
windows utilizing the same technique, though corelatable results are mostly obtained [4, 14].

3. Spatiotemporal b-variations

A detailed review by [4] briefs details on these variations, their classification, and their causes
and includes most related references. The seismicity of the whole Earth, its two hemispheres
and four quadrants, and the epicentral regions of some selected recent earthquakes has been
evaluated by [4, 14] to conclude that b-variations occur continuously not only yearly but
monthly and daily and to show that the applied stress remains the main factor that affects
these variations. These were classified as follows [4, 14]:

3.1. Long-term b-variations

Detailed b-calculations on the seismicity of the Earth and its Eastern and Western Hemispheres
that occurred during the period 1990-2010 were made by [14] for different periods of 1, 2, 11,
and 21 years; see Table 2. Results show that the overall average b-value for the whole Earth

Region Jan.1,1990, to Jan.1,2000,to Jan.1-Dec.31, Jan.1-Dec.31, Jan.1,2004- Jan. 1-Dec. 31,
Dec. 31, 2010 Dec. 31, 2010 2004 2005 Dec. 31, 2005 2010
No. of b-value No. of b-value No. of b-value No. of b-value No. of b-value No. of b-value
Earthgs. Earthgs. Earthgs. Earthgs. Earthgs. Earthgs.
and magn. and magn. and magn. and magn. and magn. and magn.
range range range range range range
Whole Earth 111,297 1.109 68,043 1.056 6187 0.939 7883 1.034 14,070 0.972 7365 1.064
45-91+0.001 4.5-9.1+£0.001 4.5-9.1+0.058 4.5-8.6+0.018 4.5-9.1+0.021 4.5-8.8+0.004
Eastern 75,451 1.084 45,989 1.029 4215 0.886 6037 0.993 10,252 0.923 4228 0.961
Hemisphere 45 9140002 459120002 4591005 45860018 45910027 4.57.8%0007
Western 35,846 1.105 22,054 1.074 1972 1.115 1846 1.031 3818 1.107 3137 1.077
Hemisphere 4 5 6640002 458820002 45720006 4578+0009 4578+0002 4.58.8%0.005

Table 2. The b-values for the whole Earth and its Eastern and Western Hemispheres as calculated for different long

periods of time utilizing the NEIC 1990-2010 seismicity data (M > 4.5), slightly modified from [14].
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and its two hemispheres is 1.06 + 0.02 with limited variations of about (0.09) between the
three studied regions. The maximum differences in b-values (Ab) for the different periods of
time are 0.17, 0.198, and 0.084 for the whole Earth and its Eastern and Western Hemispheres,
respectively. Such results confirm that the derived b-values show clear temporal and spatial
variations but with rather limited values [4, 14].

3.2. Short-term (monthly) b-variations

Seismicity data of the Eastern Hemisphere as reported in the catalogs of the three NEIC,
IRIS, and ISC sources during the years 2009-2011 were utilized by [14] to study short-term
b-variations using fixed time windows 1 month long, Figure 1 and Table 3. Continuous cyclic
b-variations are observed on the three curves of Figure 1. The monthly b-differences (Ab) as
obtained from the NEIC data are 0.38, 0.33, and 0.62 for the months of the 3 consecutive years
in respective order. The difference between the lowest and highest b-values during the 3 years
together is 0.83. The b-results of the IRIS and ISC sets of data correlate with the first and show
large systematic cyclic variations and differences that vary mostly in the range 0.40-0.70; see
Table 3. Further b-calculations were made by [14] on the NEIC seismicity data that occurred
within Quadrant 1 during the 2 years 2004 and 2005 using time windows 1 month and
2 months. More calculations are made in this study for the same data using time windows
3 months long. Results are plotted in Figure 2 and Figure 3.

Continuous cyclic monthly b-variations have occurred through the months of the 2 years
in the range 0.68-1.43. During January and February 2004, it increased from about 0.93 to
1.3-1.4. During the following 2 months of the same year, it decreased to about 0.97-0.98.
During the period May-July, it increased to about 1.1 and to about 1.34 in August. A general
decrease is observed to have occurred during the period September—December 2004 to about
0.675. Further b-variations are observed to have taken place during the year 2005 when the

18
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Figure 1. Continuous monthly b-variations as calculated by [14] from the seismicity data of NEIC (blue), ISC (red), and
IRIS (green) that occurred during the period 2009-2011 with M > 4.5. Bars represent the calculated standard errors.
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2009 2010 2011 2009-2011
NEIC Earthq. no./month 236-479 228-698 342-2220 0.83
Ab/year 0.38 0.33 0.62
Ab/3 years
IRIS Earthq. no./month 183-438 232-767 321-2253 0.68
Ab/year 0.49 0.68 0.46
Ab/3 years
ISC Earthq. no./month 437-840 524-1145 530-3058 0.70
Ab/year 0.55 0.28 0.40
Ab/3 years

Table 3. Ranges of the monthly number of earthquakes and the calculated b-values as calculated by [14] for the Eastern
Hemisphere of the Earth utilizing the seismicity data (M > 4.5) of NEIC, IRIS, and ISC for the period 2009-2011.

maximum observed value (1.43) occurred in September. Some 22 earthquakes including all
with magnitudes >7.0 and some M6.0-M6.9 earthquakes are also marked on the graph accord-
ing to their times of occurrence. Further b-calculations were made to (22 x 2) time windows
that include the seismicity data of each of the selected 22 earthquakes on its own; 1 window
ends a day before and the other on the day of its occurrence. The time lengths of all windows
varied mostly in the range 25 days-35 days. Results are plotted in red in Figure 2 and Figure 3.
These show that for all 22 earthquakes, each b-value achieved a maximum 1 day before and
a minimum soon after its occurrence. Soon after that, the b-values continue to change either
positively, e.g., the two largest Sumatra earthquakes, or negatively as seen on some cases of
Figure 2, e.g., the M7.4 earthquake of September 6, 2004, and the M7.2 earthquake of July
2005. The 2-month window results, Figure 3A, display continuous b-variations with time in
the range 0.71-1.37. A general b-decrease is observed during the period April-December 2004,
and a general increase is observed thereafter up to the end of June 2005 before starting to
decrease again. Such results show good correlation with the 1-month results as far as their
time and amplitude are concerned [14]. Similar cyclic variations are also observed on the
3-month data of Figure 3B.

The monthly b-results clearly indicate that b-variations are cyclic and continuous and may be
as large as 0.7-0.8 of the absolute b-value of the Earth or slightly more. These are much higher
than long-period b-variations as deduced for a full year, 2 years, or larger periods.

3.3. Short-time (daily) b-variations

Monthly b-calculations were made by [14] to the seismicity of the whole Earth, its two hemi-
spheres, and its four quadrants for periods of about 1 month that include the dates of occur-
rence of the largest three earthquakes of the year 2010, namely, the Mw 8.8 Chile earthquake
of February 27, Quadrant 3; a Mw 7.8 Sumatra earthquake that occurred on April 6, Quadrant
1; and a Mw 7.8 earthquake that occurred on October 25 in Quadrant 2. Results are included
in Table 4. These show that the b-value of each quadrant and the whole Earth was maxima
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Figure 2. Continuous monthly b-variations as calculated by [14] for Quadrant 1 of the Earth from its 2004-2005 seismicity
(blue line) and the calculated b-values 1 day before and soon after the occurrence of 22 selected earthquakes (in red)
including the largest two Sumatra earthquakes of Dec. 2004 and March 2005.

soon before the occurrence of its earthquake and got reduced to minima soon after that. The
total reduction in the b-value of Quadrant 3 where the Chile earthquake occurred is 0.350.
The same phenomenon is observed for the whole Earth whose b-value decreased in the Chile
earthquake case by 0.294. In the Sumatra case, the b-value of Quadrant 1 and the whole Earth
dropped down by 0.122 and 0.187, respectively. In the third case, the b-value of Quadrant 2
and the Earth got reduced by 0.546 and 0.351 [14].

Further b-calculations were made to the seismicity data of Quadrant 3 which occurred a few
weeks before the Chile earthquake. Fixed time windows 15 and 20 days long that were moved
1 day at a time and daily expanding time windows were used in the b-calculations. Results
are plotted in Figure 4 which also shows the times and magnitudes of the earthquakes that
occurred within the same quadrant during the same period with magnitudes Mw > 5.6. All
earthquakes that occurred before the Chili earthquake are not located in its epicentral area.
The expanding window results (red color) show that the b-value has varied gradually in the
range 1.366-0.739 during the 54 days of calculation. The b-gradient has also varied during this
period. It decreased with the occurrence of relatively large earthquakes and increased soon
afterward; see [14] for details. On the occurrence of this major earthquake and its immediate
aftershocks, the calculated b-value of Quadrant 3 got reduced to a minimum value, 0.739.
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Figure 3. The b-values as calculated from the 2004 and 2005 seismicity data of Quadrant 1 utilizing time windows of
fixed periods: (A) 2 months [14] and (B) 3 months as shown by the blue lines. The red lines show the calculated b-values
for some selected large earthquakes utilizing time windows that end 1 day before and after their occurrence.

Continuous b-increase with variable gradients is observed to occur during the following
2 weeks, being largest within the first 1-2 days. All marked earthquakes of this period were
epicentered close to the major Chile earthquake and are observed to have resulted in lowering
the b-gradient; see Figure 4. Large b-variations are also noted on the moving-window results
(blue and black curves). Differences between the highest and lowest b-values are 0.55 and
0.626 for the 15- and 20-day windows, respectively. Both curves show a gradual b-increase
during the first 12-17 days. The large b-value increase on both curves on January 20 and
25 is simply caused by the removal of the 6.8 earthquake of January 5 from the windows.
Maximum b-values are observed on both windows and that of the expanding during the
period February 8-9. On the occurrence of the major 8.8 Chile earthquake and its aftershocks,
the b-value of both windows dropped down to about 0.7. Continuous b-increase is observed
on both windows during the following 14 days; for more details, see [14].
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Region Feb. 1-26 Feb. 1-27 Mar. 1-Apr.5 Mar. 1-Apr. 6  Oct. 1-24 Oct. 1-25
No. of b-value ~ No. of b-value  No. of b-value  No. of b-value No. of b-value  No. of b-value
Earthgs. Earthgs. Earthgs. Earthgs. Earthgs. Earthgs.
and magn. and magn. and magn. and magn. and magn. and magn.
range range range range range range
Whole Earth 383 1.063 640 0.769 1032 1.133 1046 1.011 374 1.286 405 0.935
45-72+0.006 4.5-8.8+0.059 45-72+0.022 45-72+0.008 4.5-6.5+0.005 4.5-7.8+0.041
Eastern 212 0.928 222 0.939 313 0.907 3210.872 220 1.365 247 0.85
Hemisphere 45 7,001  4588+0.009 4565£0008 45784002 456240039 4.57.8%0.078
Western 171 1.146 418 0.73 719 1.108 725 1.109 154 1.112 158 1.117
Hemisphere 45 61,0016 4572009 4572:0008 457240008 456501 4565001
Quadrant 1 110 0.80 120 0.821 200 0.997 205 0.810 126 1.226 126 1.226
Lat 0°-90°N 4.5-7.0+0.01 45-70+0.016 4.5-6.7+0.002 45-7.8+0.003 4.5-6.3+0.007 4.5-6.3+0.007
Long 0°-180°E
Quadrant 2 102 1.043 102 1.043 113 0.806 116 0.811 94 1.274 118 0.728
Lat 0°-90°S 45-6.2+0.022 4.5-62+0.022 45-6.8+0.002 4.5-6.8+0.003 4.5-59+0.005 4.5-7.8+0.008
Long 0°-180°E
Quadrant 3 127 1.067 3730.717 640 1.101 644 1.102 92 1.01 129 1.019
Lat 0°-90°S 45-6.1+0.008 4.5-8.8+0.098 4.5-6.9+0.004 45-69+0.006 4.5-5.9+0.007 4.5-5.9+0.009
Long
0°-180°W
Quadrant 4 441.041 45 0.954 79 0.766 81 0.769 62 0.868 64 0.873
Lat 0°-90°N 4.5-59+0.002 4.5-59+0.005 4.5-7.2+0.004 4.5-72+0.004 4.5-6.7+0.01 4.5-6.7+0.015
Long
0°-180°W

Table 4. The calculated b-values of the whole Earth and its Eastern and Western Hemispheres and four quadrants 1 day
before and after the occurrence of the largest three earthquakes of 2010 [14].

Utilizing the expanding time window technique, further b-calculations were made by [14] to
the seismicity of Quadrant 1 where the two largest Sumatra earthquakes of December 26, 2004
(M9.1), and March 28, 2005 (M8.6), occurred. In the case of the M9.1 earthquake, 29 b-values
were calculated utilizing the seismicity data of 29 time windows that have the same starting
point, December 1; see Figure 5A. A general b-increase is very clear with gradient variations
that correlate with the marked earthquakes. On December 6, the b-value got reduced to 0.612
due to the occurrence of a M6.8 earthquake. Soon after that it started increasing at a gradient
of about 0.05/day up to December 11. At this time a few earthquakes occurred with M < 5.5
which resulted in lowering the gradient to about 0.02/day. On December 18, the b-value and
its gradient were reduced to 0.925 and about 0.011/day, respectively, as caused by the occur-
rence of a M 6.2 earthquake. On December 25, a maximum b-value of 0.999 is calculated. It
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Figure 4. Variation of the b-values in Quadrant 3 of the Earth during a period of 39 days before and 14 days after the
Chile, 2010, earthquake (Mw = 8.8) as calculated by [14].

dropped down to 0.612 after the occurrence of the major Sumatra earthquake and its after-
shocks; see Figure 5A. Continuous b-increase is observed afterward with variable gradients.
These results clearly demonstrate how the b-value of Quadrant 1 of the Earth increased gradu-
ally for some time before the Sumatra earthquake of December 26, 2004 (M9.1), to a maximum
soon before its occurrence and dropped down to a minimum after that. The occurrence of
smaller earthquakes has reduced the b-value and its rate of increase [14].

Similar b-evaluations were made by [14] from the seismicity data of Quadrant 1 to study the
b-variations before and after the occurrence of the second largest Sumatra earthquake of March
28, 2005. Figure 6B displays the final results which show a general b-increase up to March 27
with variable gradients, 0.039/day for the first week, 0.017/day during the second week, 0.047/
day during the third week, and a smaller gradient of only 0.002/day during the last 2 days before
the main earthquake. The largest b-value (1.142) is calculated for March 27. On the occurrence of
the main shock, it was reduced to 0.628, i.e., Ab = 0.514. During the following 6 days, the b-values
started increasing again at a rate of 0.014/day. Similar to the previous earthquake, the b-values
and their gradients are reduced with foreshock and aftershock occurrences; see Figure 6B [14].

Utilizing the moving and the expanding time windows further, daily b-calculations were made
by [14] to the seismicity data of the epicentral area of the Sumatra 2005 earthquake and Quadrant
1 for a period of about 45 days before and 10 days after its occurrence; see Figure 6. A good cor-
relation is observed between the two expanding curves (red and black). This correlation leads
[14] to conclude that the b-values of Quadrant 1 and their variations were mainly controlled by
the same factors as those in the Sumatra epicentral area during this period of time. Upon the
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Figure 5. Calculated b-values for Quadrant 1 during a period of 29 days before and after the occurrence of (A) the
largest Sumatra earthquake of December 26, 2004, and (B) the second largest Sumatra earthquake of March 28, 2005. All
earthquakes of the study period that occurred in Quadrant 1 with M > 5.6 are marked with their dates and magnitudes,
slightly modified from [14].

occurrence of the major earthquake (M8.6), the b-value of the epicentral area got reduced by 0.546
and that of Quadrant 1 by 0.331. The M6.8 foreshock that occurred on February 26 resulted in a
reduction of the b-value of the epicentral area by 0.260 and that of quadrant 1 by 0.119. Note that
during the last 2 days before the 8.6 major earthquake, the rate of b-increase of Quadrant 1 got
reduced to less than 0.001/day, while that of the epicentral area reduced to about 0.0013/day [14].

The blue and green curves of Figure 6 represent the b-variations as calculated for both
epicentral region and Quadrant 1, utilizing a 15-day window that moves daily starting
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Figure 6. The b-variations as calculated by [14] for Quadrant 1 (red) and the epicentral area (black) of the Sumatra 2005
Mw = 8.6 utilizing daily expanding time windows. The first window expands between Feb. 8 and Feb. 15, while the last
expands between Feb. 8 and April 11, 2005. The green and blue curves represent the calculated b-values for both regions
utilizing a 15-day window that moves 1 day at a time. All epicentral earthquakes M >5 are marked. Only four earthquakes
(Mw 2 6) occurred outside Sumatra epicentral region but within Quadrant 1 are marked with their magnitudes.

February 15, 2005. Both curves show a reasonable correlation and large b-variations. The
epicentral values (blue) vary from a maximum of 1.732 on March 13 to a minimum of
0.517 on March 28 soon after the occurrence of the M8.6 earthquake. Between March 13
and 27, the b-value appears to reduce almost continuously to 1.054 1 day before the major
earthquake. On March 13, its value jumped from 0.871 the day before, simply because on
that day the M6.8 foreshock of February 26 was removed from the moving window. The
continuous decrease beyond March 13 appears to correlate with the marked foreshocks,
where the M6.6 foreshock of March 20 shows the largest effect. The following 3 days dis-
play a b-increase. A sharp decrease is observed soon after, which might be caused by the
M5.8 earthquake of March 25 and other smaller magnitude events. The quadrant 1 curve
(green) shows the same behavior with the removal of the 6.8 event and the addition of
the M6.6, M5.8, and other foreshocks. The b-value got reduced to 0.991 on March 27 and
to 0.563 on the occurrence of the M8.6 earthquake. Soon after that day, both curves show
gradual increase, good correlation, and some deviations that correlate with the occurrence
of aftershocks.

4., Discussion

Ithaslong been documented that the a and b constants of the logarithmic frequency-magnitude
distribution of earthquakes are of considerable importance in seismological, seismotectonic,
and other related studies. Their regional and global values are 10.0 and 1.0, respectively, but
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both have long been reported to display considerable spatiotemporal variations [4-14]. The
b-value is a quantitative measure of the earthquake size distribution within a certain period
of time in any region. It has received much more attention, and numerous studies have inves-
tigated its value and variations. An increase in the number of small magnitude earthquakes
increases its value, while it decreases with the occurrence of only one large earthquake or
more. As the occurrence of earthquakes is unpredictable in both time and space, the b-value
should therefore vary accordingly. It has long been known that the b-variations occur on both
local and regional scales and are associated with all types of earthquake activities ranging
from micro-tremors to very large tectonic earthquakes. Spatial variations vary from local tec-
tonic areas to large tectonic regions, to a full quadrant of the Earth, to its hemispheres to the
whole volume of the Earth [4, 14, 37, 45]. Temporal variations of variable periods are reported
to vary from many years to a few years to 1 year to a few months to 1 month and less [1, 4, 12,
14, 34-36, 38, 47, 48, 57].

The most used techniques in the calculation of b-values are the linear regression and the
maximum likelihood methods [33, 60, 61, 63—-65]. Both methods give corelatable results for
the same set of seismicity data but with differences of about 0.1-0.3 of its absolute value or
more [4, 14]. The least-square regression method is disproportionately influenced by the larg-
est earthquake magnitudes, while the maximum likelihood method weighs each earthquake
equally [65, 66]. The manner in which a method is applied, such as the magnitude range con-
sidered, the number of earthquakes per bin, the use of cumulative magnitude statistic, etc. can
affect the calculated b-values. Other differences are also reported using the same technique
depending on how it is used, i.e., using moving time windows of constant or variable lengths
or expanding time windows, their lengths, etc.

The fact that the calculated long-period b-variations are much smaller than those of the
short period is simply caused by the fact that these variations are of higher frequency and
occur continuously through days and months [4, 14]. Most published b-calculations used
equal numbers of earthquakes in moving time windows, i.e., unequal times. This results
in combining seismicity data over long times, longer than times of variation, and thus, at
least some of the temporal b-variations are not captured [4, 14]. The time length of used
windows and the total number of earthquakes used in the calculations are delicate factors
that must be carefully considered in b-calculations. The use of moving fixed or expanding
time windows influences both the number of earthquakes and their size distribution. These
b-calculations clearly indicate that an expanding time window that starts at a fixed time
appears to be a more effective technique to study the b-value and its variations, as all con-
cerned earthquakes and their time distribution are retained within the studied time. In the
moving-window technique, adding and removing large foreshocks and aftershocks result in
relatively high b-variations. It is certain that both fixed and expanding window techniques
confirm the b-variations, though their results vary slightly. Therefore combining the results
of both techniques is quite useful [4, 14].

The b-calculations made by [4, 14] on the long-time and short-time sets of seismicity
data clearly indicate that the b-value varies continuously with time in a cyclic manner.
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Long-time variations (1 year to many years long) are of relatively low amplitudes, while
the short-time sets of data (1 or 2 months or shorter) show that the b-variations of the Earth
as a whole, its hemispheres, and its quadrants, as well as the epicentral regions of large
earthquakes attain continuous cyclic b-variations with amplitudes as high as 0.6-0.7 of its
absolute value [4, 14]. These variations occur not only yearly or monthly but also daily.
Many days before the occurrence of large earthquakes, b-values start increasing with vari-
able gradients that are affected by foreshocks. In some cases the gradient is reduced to zero
or to a negative value a few days before occurrence of the main earthquake. In general,
calculated b-values attain maxima 1 day before large earthquakes and minima soon after
their occurrence followed by gradual increase thereafter with variable gradients caused by
the aftershocks [4, 14].

For large earthquakes, the calculated b-variations of [14] show reasonable correlation for those
of epicentral regions, the quadrant of the Earth, and the hemisphere they are located in as well
as the whole Earth. This led him to conclude that these variations are of local and regional
character, i.e., the geodynamic processes that cause the occurrence of such large earthquakes
appear to act not only within the epicentral region but have a larger effect within the whole
quadrant or more.

Spatiotemporal b-variations are influenced by a number of factors including stress, tectonic
environment, crustal heterogeneity, depth, fluid and pore pressure, latent heat and geother-
mal conditions, and some geophysical and geotectonic characteristics [4, 14]. The b-variations
of the Earth, its two hemispheres, and its four quadrants clearly indicate that the stress remains
the major factor that affects these variations. In this case, the abovementioned regional factors
are excluded, and the effects of much of the others are eliminated. It is concluded therefore
that stress remains the most important factor that affects the b and its variations as, firstly, it
causes deformation of rocks including brittle failure, i.e., earthquakes, and, secondly, all other
factors are directly related to and influenced by the stress.

5. Conclusions

The following conclusions are made:

1. The logarithmic linear relationship of the frequency magnitude distribution of earthquakes
has received much attention during the last decades. The a and b constants are critical
parameters that have long been investigated and utilized in seismological, seismotectonic,
and seismic hazard studies. Their regional, global, and long-term values are a = 10.0 and
b =1.0.

2. Spatiotemporal variations in the values of these constants, particularly the b, are mani-
fested in numerous studies. The b-variations are expressed in different ways and have
long been known to precede and follow the occurrence of large earthquakes. An increase
in b value for a number of years before an earthquake, followed by a decrease after its
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occurrence, or an increase long before the earthquake, followed by a small drop before
the earthquake and a major decrease after its occurrence, has long been reported. Yearly,
monthly, and daily b-variations are presented from other studies.

. The b-variations are not only influenced by the different calculation techniques but also the

way of using the same technique. Both linear regression and maximum likelihood meth-
ods give corelatable but variable results but with differences mostly in the range 0.1-0.3.
It is found that an expanding time window technique from a fixed starting point is more
effective in the study of b-variations. Combining the results of both techniques is certainly
useful.

. The calculated long-term and short-term b-variations of this study clearly indicate that

b-variations occur in a continuous cyclic manner. The latter are of much higher value that
may exceed + (0.6-0.7) of its absolute value. These variations are observed to occur not
only yearly or monthly but also daily, particularly before and after the occurrence of large
earthquakes. The b-value always attains maxima and minima before and after the occur-
rence of all large earthquakes irrespective of the used method of calculation and how it is
applied.

. Spatiotemporal b-variations are influenced by a number of factors including stress, tec-

tonic environment, crustal heterogeneity, depth, fluid and pore pressure, latent heat and
geothermal conditions, and some geophysical and geotectonic characteristics. The b-varia-
tions of the Earth, its two hemispheres, and its four quadrants were interpreted by [4, 14]
to conclude that the stresst remains the major factor that affects the b and its variations.
All other factors remain of secondary effect as all are directly or indirectly related to and
influenced by the stress.

. For large earthquakes, b-variations appear to be of both local and regional characters. This

may indicate that in the case of large earthquakes, the geodynamic processes acting within
an epicentral region appear to influence its concerned quadrant, hemisphere, and the
whole Earth. This indicates that the geotectonic factors that cause large earthquakes are of
regional and possibly global character.

. For earthquakes with magnitudes Mw > 7.0, it is found that an increase of about 0.20 in

the b-value implies a stress increase that will result in an earthquake with a magnitude one
unit higher, i.e., increasing the seismic energy some 28-30 times [14].
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